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ABSTRACT OF THE DISSERTATION 
DESIGN, FABRICATION, AND EVALUATION OF ON-CHIP MICRO-
SUPERCAPACITORS 
by 
Majid Beidaghi 
Florida International University, 2012 
Miami, Florida 
 Professor Chunlei Wang, Major Professor 
Due to the increasing demand for high power and reliable miniaturized energy 
storage devices, the development of micro-supercapacitors or electrochemical micro-
capacitors have attracted much attention in recent years. This dissertation investigates 
several strategies to develop on-chip micro-supercapacitors with high power and energy 
density. 
 Micro-supercapacitors based on interdigitated carbon micro-electrode arrays are 
fabricated through carbon microelectromechanical systems (C-MEMS) technique which 
is based on carbonization of patterned photoresist. To improve the capacitive behavior, 
electrochemical activation is performed on carbon micro-electrode arrays. The developed 
micro-supercapacitors show specific capacitances as high as 75 mFcm-2 at a scan rate of 5 
mVs-1 after electrochemical activation for 30 minutes. The capacitance loss is less than 
13% after 1000 cyclic voltammetry (CV) cycles. These results indicate that 
electrochemically activated C-MEMS micro-electrode arrays are promising candidates 
for on-chip electrochemical micro-capacitor applications.  
viii 
 
 The energy density of micro-supercapacitors was further improved by conformal 
coating of polypyrrole (PPy) on C-MEMS structures. In these types of micro-devices the 
three dimensional (3D) carbon microstructures serve as current collectors for high energy 
density PPy electrodes. The electrochemical characterizations of these micro-
supercapacitors show that they can deliver a specific capacitance of about 162.07 mFcm-2 
and a specific power of 1.62mWcm-2 at a 20 mVs-1 scan rate.   
 Addressing the need for high power micro-supercapacitors, the application of 
graphene as electrode materials for micro-supercapacitor was also investigated. The 
present study suggests a novel method to fabricate graphene-based micro-supercapacitors 
with thin film or in-plane interdigital electrodes. The fabricated micro-supercapacitors 
show exceptional frequency response and power handling performance and could 
effectively charge and discharge at rates as high as 50 Vs-1. CV measurements show that 
the specific capacitance of the micro-supercapacitor based on reduced graphene oxide 
and carbon nanotube composites is 6.1 mFcm-2 at scan rate of  0.01Vs-1. At a very high 
scan rate of 50 Vs-1, a specific capacitance of 2.8 mFcm-2 (stack capacitance of 3.1 Fcm-3) 
is recorded. This unprecedented performance can potentially broaden the future 
applications of micro-supercapacitors. 
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1. INTRODUCTION 
1.1 Overview  
Development of miniaturized electronic systems has stimulated the demand for 
miniaturized power sources that can be integrated into such systems. These micro-scale 
power sources should be able to provide enough energy and power for applications such 
as RFID tags, miniaturized MEMS devices in medical and pharmaceutical applications, 
and wireless sensors. For these applications, micro-batteries are considered to be the main 
candidates while the application of other micro power sources such as miniaturized 
energy harvesters and micro-fuel cells are emerging. However, micro-batteries share the 
drawbacks of their large counterparts and have a limited lifetime and low power density. 
Energy harvesters, on the other hand, still need an energy storage unit to store their 
excess energy and provide it when it is needed. Micro-supercapacitors can be paired with 
micro-batteries to provide peak power and improve the cycle lifetime or can be coupled 
with energy harvesting devices to store the generated energy. Moreover, micro-
supercapacitors with high energy density can potentially work as stand-alone and 
maintenance-free power sources for a number of applications.   
 The potential applications of micro-supercapacitors have attracted a lot of 
attention and there has been an exponential growth in the number of reports about micro-
supercapacitors in recent years. Most of the recent research efforts in the micro-
supercapacitor field have focused on increasing energy and power densities by improving 
the material properties and architecture of the devices. From the material aspect, various 
nanostructured materials have been utilized as electrode materials for micro-
supercapacitors. Several carbonaceous nanomaterials such as carbon nanotubes (CNT), 
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activated carbons, carbide derived carbons, graphene, and carbon onions have been used 
to fabricate EDLC micro-supercapacitors. Moreover, transition metal oxides such as 
Ruthenium oxide and conductive polymers such as polypyrrole (PPy) have been used as 
materials for pseudo-capacitive micro-supercapacitors. From the device architecture 
aspect, there are mainly three types of micro-supercapacitor architectures reported in the 
literature so far. The first type is composed of thin film electrodes of nanostructured 
materials and these types of devices are fabricated by the two dimensional (2D) stacking 
of thin film electrodes and electrolytes. The second type of micro-supercapacitors 
consists of in-plane interdigital electrodes and offers various advantages over the 
conventional thin film devices. Recently, it has been shown that device performance can 
be improved by employing three dimensional (3D) electrodes with highly effective 
surface areas. However, more facile fabrication techniques are needed to expand the 
application of this type of micro-supercapacitor. Moreover, to meet the requirements of 
future applications, the performance of micro-supercapacitors in terms of their energy 
and power density should be improved. 
1.2 Motivation and Goal 
The major objective of this dissertation is to develop high power and high energy 
micro-supercapacitors. The future applications of micro-supercapacitors as miniaturized 
energy storage units for small and portable electronic devices depend on the improvement 
of their energy and power densities. Furthermore, reliable and scalable fabrication 
methods which are compatible with current manufacturing protocols of electronic devices 
should be developed. 
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One of the approaches proposed in this dissertation is to improve the energy and 
power density of micro-supercapacitors by structuring the materials or current collectors 
into 3D structures with highly effective surface areas. To achieve this goal, carbon-
microelectromechanical systems (C-MEMS) is utilized in developing electrodes with 3D 
interdigital architecture. The 3D carbon microstructure can directly be utilized as 
electrodes for micro-supercapacitors. However, due to the relatively low specific surface 
area of as-prepared C-MEMS structures, efficient methods should be developed to 
activate these structures and increase their specific surface area. The current dissertation 
examines an electrochemical activation method to improve the performance of C-MEMS 
micro-supercapacitors.  
In another approach, this dissertation proposes improving the energy density of 
micro-supercapacitors by utilizing C-MEMS structures as 3D current collectors for high 
energy density materials such as conducting polymers. To examine this approach, 
conformal deposition of polypyrrole films on carbon microstructures is studied and the 
micro-supercapacitors fabricated through this method were evaluated.  
In another approach, this dissertation aims to develop ultra-high power micro-
supercapacitors with improved frequency response. The development of micro-
supercapacitors with high frequency response can potentially broaden the application of 
micro-supercapacitors by assuming the role of conventional electrolytic capacitors in 
applications such as ac line filtering. The development of ultra-high power micro-
supercapacitors has two major steps. The first step is to find the appropriate electrode 
materials and electrode fabrication technique which makes the maximum frequency 
response and rate handling ability of the electrode possible. The next step is to design 
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micro-supercapacitor cells with improved electrolyte accessibility and decreased cell 
resistance to achieve capacitive behavior at ultra-high frequencies and charge/discharge 
rates. To achieve these goals, graphene and its composites with carbon nanotubes (CNTs) 
were utilized as capacitive materials for supercapacitor electrodes. Graphene with its 
exceptional properties such as chemical stability, high electrical conductivity, and large 
surface area has been proposed as a competitive material for supercapacitor application. 
A method based on electrostatic spray deposition (ESD) is proposed to fabricate thin 
films of graphene and graphene/CNT composites. Furthermore, a novel technique to 
fabricate micron-sized interdigital electrodes of graphene/CNT hybrid films is proposed. 
The micro-electrodes are designed to maximize the accessibility of electrolyte ions to the 
electrode and thus increase the energy and power density of micro-supercapacitors. 
Figure 1.1 presents the flow chart of the research plan. 
1.3 Scope of the Dissertation 
Chapter 2 provides the background of the dissertation and discusses the properties 
and applications of supercapacitors. The progress of micro-supercapacitors both from a 
materials point of view and an architectural view is discussed. Chapter 3 details the 
fabrication process and evaluation of 3D C-MEMS micro-supercapacitor. The studies on 
applications of electrochemical activation on improving the performance of micro-
supercapacitors are presented. Chapter 4 explains the advantages of using 3D carbon 
micro-structures as current collectors for high energy density capacitive materials. To 
demonstrate this concept, conformal deposition of polypyrrole (PPy) on carbon 
microstructures is investigated. This chapter includes the experimental results regarding 
optimum deposition conditions of PPy and electrochemical performance of PPy/C-
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MEMS micro-supercapacitors. Chapter 4 describes the fabrication of high power 
supercapacitor electrodes by electrostatic spray deposition of graphene nanoplatelets. The 
effect of electrode thickness on the performance of the electrodes was also studied and 
presented in this chapter. Chapter 5 explains design, fabrication and evaluation of ultra-
high power micro-supercapacitor based on graphene/ CNT hybrid electrodes. The 
simultaneous deposition and reduction of graphene oxide precursor materials is explained 
and a novel method to integrate graphene films on gold interdigital micro-electrodes is 
introduced. This chapter also explains the addition of CNTs as nano spacers between 
graphene sheets and their effects on the performance of micro-supercapacitors. Chapter 6 
provides a summary of the dissertation and proposes future works. 
 
 
Figure 1.1 Flow chart of the research plan. 
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2. BACKGROUND AND LITERATURE REVIEW 
2.1 Introduction  
In recent years, decreased availability of fossil fuels and the problems associated 
with climate change have motivated a growing interest in the production and utilization 
of renewable and sustainable energy from resources such as sun and wind. However, to 
use the energy produced from these resources when and where we need it, this energy 
must be stored in appropriate energy storage devices. At the forefront of these are 
electrical energy storage devices [1]. Batteries and electrochemical capacitors (ECs) (also 
known as supercapacitors or ultra-capacitors) are two important examples that have had a 
growing impact in our lives by storing energy in applications ranging from portable 
electronics to electric and hybrid vehicles and large industrial equipment. For more than a 
decade Li-ion batteries and other types of secondary batteries have been a focus of 
research to improve their performance to meet the requirements of more challenging 
applications. The use of nanomaterials as battery electrodes along with advances in 
fabrication methods, electrolytes and packaging, has resulted in improved performance of 
batteries [2]. However, because batteries have relatively slow power delivery and uptake, 
there is a need for fast and high power energy systems in a number of applications [1]. 
This need has motivated the research on supercapacitors. The earliest patents on 
supercapacitors were filed in the 1950s, however in the 1990s supercapacitors attracted a 
lot of attention as it was found that a major function of supercapacitors could be to 
complement battery and fuel cells in a hybrid vehicle and provide the necessary power 
during acceleration or to recuperate brake energy [3,4]. Further developments led to 
recognizing supercapacitors as the devices that can bridge the gap between conventional 
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capacitors which have high power but low energy and batteries and fuel cells which have 
high energy but relatively low power density [1,3,4]. Figure 2.1 illustrates this concept in 
a so called “Ragone plot” in terms of specific power and specific energy of different 
energy storage devices. In terms of both specific power and specific energy the gap 
between conventional capacitors and batteries covers several orders of magnitude and can 
be filled by electrochemical capacitors. The US department of energy has designated 
electrochemical capacitors as important as batteries for the future of electrical energy 
storage [5].  
In recent years, there has been a boost in the field of supercapacitors with a lot of 
theoretical and practical research efforts focusing on improvement of supercapacitor 
properties and overcoming the major challenge of these devices which is low energy 
density.  
 
Figure 2.1 Ragone plot of specific power versus specific energy for various electrical energy 
storage and conversion devices. Adapted from Ref. [4]. 
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2.2 Historical Background  
The first electrochemical charge storage devices using double layer charge storage 
was patented by Becker [6] from General Electric company in 1957. However, it was not 
before 1966 that it was understood that the charge storage mechanism is based on the 
electrical double layer at the electrode/electrolyte interface. In 1978, the Nippon Electric 
Company (NEC) developed the first commercial electrochemical capacitor and used the 
term “supercapacitor” for the developed device. Around the same time, Panasonic 
developed its own commercial supercapacitor called “Goldcap”. The early application of 
electrochemical capacitors was restricted to replacing batteries for memory back-ups. In 
the late 1970s, Professor Conway from university of Ottawa carried out extensive 
research on another mechanism for electrochemical capacitors. This charge storage 
mechanism was based on a faradic reaction on the surface of the electrode materials and 
was termed as pseudo-capacitance. Conway’s preliminary researches were based on 
pseudo-capacitance associated with solid oxide redox system, especially in H2SO4 
electrolyte and for RuO2 [7]. Due to increased amount of possible applications, the whole 
field of electrochemical capacitors flourished in the 1990s and significant amount of 
research efforts were focused on improvement of supercapacitor properties. In the present 
days, several other companies including Maxwell technologies, NNC, Cap-XX, AVX, 
Cooper, ELNA, and several others have invested in the development of supercapacitors.  
2.3 Electrochemical Properties of Supercapacitors 
Electrochemical properties of supercapacitors can be explained by their capacitance, 
voltage, power and energy density. The two electrodes of a supercapacitor cell can be 
assumed to be two capacitors in series. Now if the capacitance of the two electrodes were 
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expressed as Cp and Cn for the positive and negative electrodes, respectively, then the 
total capacitance of the cell (CT) can be expressed by equation (2.1) [8]:  
npT CCC
111
+=             (2.1) 
If the two electrodes are the same and have the same weight, it can be assumed 
that they have equal capacitances (Cp=Cn). Then the total capacitance would be half of 
the capacitance of one of the electrodes. The unit of capacitance is Farads (F), but the 
capacitance of a supercapacitor is commonly reported in terms of specific capacitance 
which is the capacitance normalized by weight, surface area or volume of the cell or a 
single electrode. The most common way of reporting the specific capacitance is reporting 
the specific capacitance of a single electrode which can determine in laboratory scale 
electrochemical cells with three electrodes. In a three-electrode cell a single 
supercapacitor electrode would be the single electrode and the two other electrodes are 
counter and reference electrodes.   
In general, the capacitance depends on the amount of charge stored on the 
electrodes, which in turn depends on the properties of the electrode materials. When a 
supercapacitor is charged, a voltage (V) will build up across the two electrodes.  
Maximum energy (E) and power (P) densities of supercapacitors can be determined by 
equations (2.2) and (2.3) [3,9]: 
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where Q is the total charge stored in the supercapacitor and Rs is the equivalent inner 
resistance of the cell. Power and energy density of supercapacitors can be calculated by 
normalizing equations (2.2) and (2.3) by mass, surface area or volume of the device or a 
single supercapacitor electrode. As it is evident by these equations, the energy and power 
density of supercapacitors can be increased by increasing the capacitance or working 
voltage of the device, or by lowering Rs. The value of capacitance (C) is mainly a 
function of electrode materials’ properties. For instance, the capacitance of carbon 
materials is dependent on their intrinsic capacitance and also their electrolyte accessible 
surface area.  
 
Figure 2.2 Representation of charge storage mechanisms in (a) a conventional capacitor, (b) 
EDLC, (c) pseudo-capacitor, and (d) a battery. Adapted from Ref. [10].  
The working voltage of a supercapacitor is dependent on the electrode material 
and the electrolyte. For example, for carbon electrodes and aqueous electrolytes, the cell 
voltage is about 1 V and at a higher voltage the electrolyte would not be stable. However, 
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the same carbon electrode may show a working voltage in the range of 3-3.5 V, if an 
organic electrolyte is used.  Moreover, equation (2.3) shows that the power of 
supercapacitors can be increased by decreasing the internal resistance of the cell (Rs). 
Internal resistance is a sum of the electrode and electrolyte resistances and it can be 
decreased by high conductivity electrode materials and electrolytes. Moreover, designing 
the electrodes in such a way that decreases the diffusion path of ions can also decrease Rs.  
2.4 Charge Storage Mechanisms of Supercapacitors 
EDLCs store charge electrostatically on the electrode/electrolyte interface of high 
surface area materials, and pseudo-capacitors or redox capacitors store charge in the bulk 
of a redox material in response to fast surface and near-surface redox reactions [1,7].  
In other words, in contrast to conventional capacitors where charge storage 
mechanisms are the physical separation of charge on the electrode by a dielectric material 
(Figure 2.2a), in ESLCs charge separation occurs in a double layer formed on an 
electrode/electrolyte interface (Figure 2.2b). In pseudo-capacitors, charge transfer 
reactions occur at the surface or sub-surface of the electrode materials (Figure 2.2c). The 
charge storage mechanism of supercapacitors differs from that of batteries (Figure 2.2d) 
where a change in oxidation state of the bulk of the electrode material results in storing 
energy as chemical potential [10].  
2.5 Electrode Materials for Supercapacitors 
In this section, the common materials for two main categories of electrochemical 
capacitors, EDLCs and pseudo-capacitors will be briefly discussed. As it was mentioned 
previously, there is no faradic reaction in EDLCs and electric charge is stored by 
aggregation of charges at the surface of the electrode materials. Therefore, an important 
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principal for high performance EDLCs is the use of electrochemically stable electrode 
materials with high surface area and conductivity [1,11]. Conductive carbon materials 
satisfy all these requirements and are the most explored candidates in this application due 
to their low cost, process ability, stability and electrical conductivity.  Hence, a main 
focus of the research in the EDLC field is to develop carbon-based electrode materials 
with large accessible surface areas [1,11]. Development of different kinds of high specific 
surface area carbon materials has improved the capacitive properties of EDLCs. Porous 
carbon materials such as activated carbons (ACs), template carbons and carbide derived 
carbons [9], one-dimensional carbon materials such as carbon nano fibers and carbon 
nanotubes (CNTs) [12], and most recently two-dimensional graphene sheets [9] are 
among the long list of carbon nanomaterials that are used as materials for EDLC 
electrodes. Due to their high surface area, low cost and relatively good electrical 
properties, ACs are the most widely used materials for supercapacitor electrodes [13]. 
Production of ACs usually follows physical, chemical or electrochemical activation of the 
carbonaceous materials. In physical activation, carbon precursors are treated at high 
temperatures ranging from 700 to 1200 °C in the presence of oxidizing agents such as 
steam, CO2 and air [13]. Chemical activation involves the use of activation agents such as 
potassium hydroxide, zinc chloride, sodium hydroxide, and phosphoric acid and 
treatment at temperatures ranging from 400 to 700 °C. Electrochemical activation is 
usually performed by oxidation and reduction of carbon electrodes in an electrochemical 
cell. ACs with different properties with surface areas as high as 3000 m2g-1 have been 
produced and were studied for their electrochemical properties [13–18]. Although ACs 
have a high surface area, control of their pore size distribution and pore structure is still a 
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challenge [13]. Designing ACs with well controlled interconnected pore structure could 
effectively improve the energy and power density of AC based supercapacitors.  
Another type of carbon that is used for supercapacitor applications is template-
derived carbon. In recent years, there have been remarkable advances in fabrication of 
carbons with ordered porous structure through tempting methods [13,19]. The fabrication 
process is commonly conducted through infiltration of carbon precursors in pores of an 
inorganic template followed by a carbonization treatment and removal of the template. 
Compared to ACs, template-derived carbons offer a high specific surface area with 
regularly interconnected pores that allow for improved ionic transport. Therefore, 
supercapacitors based on these materials show higher power density compared to AC-
based supercapacitors. As for their performance, template-derived carbon with surface 
areas of 1500-1600 m2g-1, exhibit a specific capacitance of 220 Fg-1 [10,20].  
Another type of carbon materials that have attracted a lot of attention for 
supercapacitor applications are CNTs [21–25]. This is due to their good electrical 
properties, unique pore structure and superior thermal and mechanical stability. The 
electrical properties and open pore structure of CNTs make them an excellent choice for 
high power supercapacitor electrodes. However, the energy density of CNT electrodes 
are immensely effected by their relatively low surface area (<500 m2g-1). Specific 
capacitance of between 15 and 300 Fg-1 have been reported for different configurations of 
CNTs [10].  
Other types of carbon such as CDCs are also under extensive research for 
application as supercapacitor electrode materials. CDCs are manufactured by chlorination 
of metallic carbides such as TiC, SiC, B4C.  
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Table 2.1 Properties and performance of various carbon-based supercapacitor electrodes. Adapted 
from Ref. [13]. 
      Aqueous electrolyte 
Organic 
electrolyte 
Materials Specific Surface area/ m2g-1 
Density/ 
gcm-3 Fg
-1 Fcm-3 Fg-1 Fcm-3 
Commercial activated 
carbons (ACs) 1000–3500 0.4-0.7 <200 <80 <100 <50 
Particulate carbon from 
SiC/TiC 1000–2000 0.5-0.7 170-220 <120 100-120 <70 
Functionalized porous 
carbons 300–2200 0.5-0.9 150-300 <180 100-150 <90 
Carbon nanotube (CNT)  120–500 0.6 50-100 <60 <60 <30 
Templated porous carbons 
(TC) 500–3000 0.5-1 120-350 <200 60-140 <100 
Activated carbon fibers 
(ACF)  1000–3000 0.3-0.8 120-370 <150 80-200 <120 
Carbon cloth  2500 0.4 100-200 40-80 60-100 24-40 
Carbon aerogels 400-1000 0.5-0.7 100-125 <80 <80 <40 
 
The resulting carbon materials exhibit a nanoporous structure with narrow pore 
size distribution and it is possible to control their pore size by selection of different 
carbides as the starting material and controlling the chlorination temperature [26]. 
Specific capacitances in the range of 140 to 260 Fg-1 have been reported for CDC 
supercapacitor electrodes depending on the precursor carbide and chlorination 
temperature of carbide and the electrolytes that were used to test the supercapacitors [26]. 
The mechanism of charge storage in the pseudo-capacitor is by faradic or redox reactions 
that take place on the surface of capacitive materials resulting in faradic current passing 
through the supercapacitor cell [3]. Pseudo-capacitive materials include conducting 
polymers such as polyaniline, polypyrrole, polythiophene and their derivatives and also 
metal oxides such as RuO2, MnO2 and Co3O4 [1,3,7,27,28]. This faradic reaction results 
in higher specific capacitance of pseudo-capacitors compared to EDLCs. However, since 
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these faradic processes are generally very slow, pseudo-capacitors like batteries suffer 
from relatively low power density compared to EDLCs.   
Metal oxides that can be used for supercapacitor applications should be electronically 
conductive and should have two or more oxidation states that exist over a continuous 
potential range without irreversible phase and structure changes [1,3]. Ruthenium oxide 
is the one widely studied metal oxide for supercapacitor application because it has good 
electronic conductivity and also has three distinct oxidation states in a 0-1.2 V voltage 
range [1]. The behavior of RuO2 in acidic electrolytes involve rapid and reversible 
electron transfer along with electro-adsorption of protons on the surface of RuO2 particles 
according to equation (2.4), where Ru oxidation states can change from Ru(II) to Ru(IV). 
RuO2  +  xH+  +  xe-  ↔  RuO2-x(OH)x           (2.4) 
where 0≤x≤2. Specific capacitance of as a high as 600 Fg -1 for ruthenium oxide and as 
high as 1200 Fg-1 for ruthenium based composite electrodes are reported [1,3]. However, 
ruthenium oxide is an expensive material and its 1 V potential window limits the 
application of supercapacitors based on RuO2 to small electronic devices. Other oxides, 
such as oxides of manganese, iron, nickel and cobalt have been extensively researched 
for supercapacitor electrode application. Figure 2.3 summarizes the specific capacitances 
reported for different supercapacitor materials in the literature.  
A hybrid supercapacitor with asymmetrical electrodes contains a carbon based 
EDLC electrode and an electrode based pseudo-capacitor material. These types of 
devices take advantage of both the charge storage mechanism to improve the energy and 
the power density of supercapacitor cells and have been extensively studied in recent 
years [30–32]. 
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Figure 2.3 Specific capacitance reported for various supercapacitor electrode materials. Adapted 
from Ref. [29]. 
2.6 Miniaturized Power Sources 
Advancements in the field of micro and nano-scale fabrication have inspired 
development of micro-power sources which are potentially able to be integrated into 
small electronic devices. Two types of microdevices have been studied to generate power 
for microsystems. The first type includes devices that have a finite amount of energy or 
require a continuous supply of active material or fuel for power generation [33]. Micro-
batteries [34], micro-combustors [35], micro-heat engines [36], and micro-fuel cells [37] 
are devices that fall in this category. The second type of devices are based on energy 
harvesting which extract energy from the ambient environment. Some of the typical 
devices in this category include micro-thermoelectric devices [38], micro-
electromagnetic devices [39], micro-thermophotovoltaic devices [40], and micro- 
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piezoelectric devices [41]. Among these, micro-electrochemical energy storage and 
conversion devices such as batteries, fuel cells and supercapacitors are particularly 
attractive because of (i) their higher efficiency compared to internal or combustion 
engines; (ii) their relatively high energy density; and (iii) their advantages related to their 
operation such as low-vibration, low-noise, and negligible air pollution [42]. Thin film 
micro-batteries are the most widely researched devices for use as integrated micro power 
sources. A micro-battery works by the same principal as classical batteries; it usually 
consists of two electrodes, i.e., an anode and a cathode, which are separated by an 
electrolyte layer with or without a separator. 
In general, batteries have certain drawbacks such as limited lifetime and lower 
power density compared to other power systems. The finite life time of micro-batteries 
limits their application where battery change is not possible or practical [34]. Moreover, 
the low power density of micro-batteries is insufficient for some applications that require 
high power in a short timeframe. Other types of micro power sources also have some 
limitations. Micro-fuel cells such as batteries are suffering from low discharge rate and 
low power density, a limitation that they also share with some of the energy harvesters. 
Another issue with energy harvesters is the energy that they generate should be consumed 
immediately or it will be lost. As a result, these devices are usually accompanied by 
energy storage devices to store the excess generated energy and provide it when it is 
needed. 
Micro-supercapacitors can solve many problems associated with other micro 
power sources or miniaturized energy storage devices. As a stand-alone power source, 
high power density micro-supercapacitors are able to satisfy the power needs of certain 
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miniaturized electronic devices. For instance, they can power radio frequency 
identification (RFID) tags which generally require 1-100 µW power [43]. Moreover, 
micro-supercapacitors can also play the role that their large counterparts play for large 
batteries. Micro-supercapacitors can be coupled with micro-batteries to provide the peak 
power and improve their lifetime. Additionally, higher power densities, faster 
charge/discharge capability and longer cycle lifetime micro-supercapacitors make them 
an excellent choice energy storage to store the excess energy of miniaturized energy as 
harvesters.  
2.7 On-chip Micro-supercapacitors 
Due to the increasing demand for high power and reliable miniaturized energy 
storage devices, development of micro-supercapacitors or electrochemical micro-
capacitors have attracted a lot of attention in recent years. The first generation of micro-
supercapacitor reported in the early 2000s were fabricated by thin film technologies. 
However, further development of micro-supercapacitors was also realized in other device 
architecture. In general, based on their design, micro-supercapacitors can be categorized 
into three categories. These categories are briefly introduced and compared in the 
following section. 
2.7.1 Architecture of Micro-supercapacitors 
Charge-transfer reactions of a matter are the key element of all electrochemical 
phenomena. The main parts of all electrochemical storage devices are two opposing 
electrodes which are commonly referred to as anode and cathode. This simple device 
concept becomes more complicated if we want to achieve optimal mobility of reactant, 
ions and electrons. It is well-known that the performance of electrochemical devices can 
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be improved by optimizing the electrode material properties. For example, 
electrochemical properties of supercapacitor electrodes depend on utilizing high surface 
area materials that are engineered to have maximum accessibility. Ions should be able to 
easily access the whole surface of the electrode materials and electrons should be able to 
move to the current collectors with minimum resistivity. In recent years, improving the 
device performance by optimizing the electrode configurations and architecture of the 
electrochemical devices has also attracted a lot of attention.  
 The first generation of micro-supercapacitors followed the architecture of thin 
film batteries which was the two-dimensional (2D) stacking of the device components. In 
this design thin layers of an anode, solid electrolyte and a cathode are stacked on top of 
each other to make up the basic structure of the device (Figure 2.4a).  Although the 
simplicity of production of 2D devices decreases the production costs for mass 
production, these structures cannot fully satisfy the main challenge of micro power 
sources, which is providing the maximum power in the limited footprint area of the 
device [44].  
Advancement in this field has led to realizing three-dimensional (3D) structures 
by complex non-planar configuration of electrode materials to increase the energy and 
power density of cells within the footprint area. A 3D arrangement of the electrodes 
could decrease the transport path of ions between the electrode, and at the same time 
increase the energy density [44]. There are several possibilities to arrange the device 
component in a 3D structure. The simplest 3D structures that have been realized for 
microbatteries are schematically shown in figure 2.3c.   
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Figure 2.3 Three different device architectures for on-chip micro-supercapacitors. (a) 2D planar, 
(b) in-plane interdigital, and (c) two examples of possible 3D designs.  
For both of these structures, each electrode consists of several micro-electrodes 
with small spacing between the electrodes. In one of the architectures that are shown in 
figure 2.4c, 3D anode and cathodes are fabricated on separate substrates and are 
assembled in an interdigitated structure. In the other possible architecture, the interdigital 
anode and cathode are fabricated on the same substrate. Both of these architectures offer 
the advantages of 3D design of electrodes by minimizing the diffusion path of electrolyte 
ions between the electrodes and also increasing the effective surface area of each 
electrode in the footprint area of the device.  
To demonstrate the increase in effective surface area of 3D architecture compared 
to a 2D planar device, consider a simple 3D design in which the posts in figure 2.3c have 
a radius of 20 μm and are separated by 20 μm (40 μm center to center). These dimensions 
for the 3D structure are achievable by several MEMS fabrication methods. Assuming a 1 
cm2 footprint area for both 2D and 3D design, then the 2D design the effective surface 
area of anode and cathode are equal to 1 cm2. For the 3D design, however, assuming L 
(the height of the posts) to be 200 μm, the calculated surface area of the anode and 
cathode would be ~7.5 cm2 each. If L increases to 500 μm the surface area of anode and 
cathode would be ~19.5 cm2 each. This cell consists of a total of 62500 anodes and 
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cathodes (31250 anode and 31250 cathodes) and has a total of ~39 cm2 active materials. 
If L becomes large, it can be assumed that the ohmic resistance of the electrodes becomes 
sufficiently large to offset the advantages of increased areal capacity [44]. The optimized 
value of L depends on a combination of parameters including electronic and ionic 
conductivity of the electrode materials, the ionic conductivity of the electrolyte, and the 
geometry of the electrodes [46].  
2.7.2 Thin Film Micro-supercapacitors 
There are numerous reports on thin film electrodes for supercapacitor application 
in the literature. Both EDLC and pseudo-capacitor materials as well as their composites 
are used to fabricate electrodes for thin film capacitors. Fabrication methods of thin film 
electrodes include sputtering, electrodeposition, chemical vapor deposition (CVD), ink-
jet printing, layer by layer deposition, electrospray deposition and several other methods. 
In this section, some of the reported thin film supercapacitors will be reviewed. The 
emphasis will be on the reports that describe the full device fabrication. 
 Lim et al.[47] reported on the earliest work on thin film supercapacitors, a device 
that was based on two thin films of  pseudo-capacitive ruthenium oxide (RuO2) and 
Lipon solid electrolyte. The fabricated full cell delivered a volumetric capacitance of 
about 38 mFcm-2µm-1, however its capacitance dropped by 53% after only 500 cycles. 
Kim et al. [48] developed a thin film supercapacitor with similar design but using radio 
frequency sputtered cobalt oxide (Co3O4) as the electrode material and with comparable 
performance with the device based on RuO2. White et al. [49] reported a polymer based 
thin film supercapacitor. This device based on polypyrrole electrodes doped with 12-
molybdosilicic acid showed a specific capacitance of 33.4 Fg-1. The relatively short 
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lifetime of thin film supercapacitors based on pseudo-capacitive materials is their main 
drawback that limits their application. Recently, the main focus has been EDLC thin film 
supercapacitor based on carbon materials such as CNT and graphene. A device based on 
printed single walled CNT thin films were reported by Kaempgen et al. [50]. This thin 
film supercapacitor showed an estimated capacitance of 1.1 mFcm-2, in a potential 
window of 0 to 1 V. The utilization of carbon materials, introduced the possibility of 
fabrication of flexible supercapacitor devices, adding another functionality to thin film 
supercapacitors. For example, Hu et al. [51] reported a flexible supercapacitor device 
which consists of CNT coated paper electrodes. This device showed a specific 
capacitance of 3 mFcm-2.  
2.7.3 Micro-supercapacitors with In-plane Interdigital Electrodes 
One of the first micro-supercapacitors with interdigital in-plane electrodes was 
reported by Sung et al. [52]. They first deposited Polypyrrole (PPy) electrode materials 
on interdigital gold electrodes fabricated on a silicon substrate and then attached a sheet 
of solid electrolyte prepared from mixing polyvinyl alcohol (PVA) and phosphoric acid 
(H3PO4) on the prepared interdigital electrode. Upon detaching the polymer electrolyte 
from the silicon substrate, a flexible micro-supercapacitor with PPy electrodes was 
achieved. The device showed good capacitive performance at a scan rate of 100 mVs-1, 
but the ideal capacitive behavior was not observed by increasing the scan rate to a 
moderate scan rate of 500 mVs-1. The authors did not report the specific capacitance and 
energy and power density of the device [52]. In another study, Jiang et al. [53] fabricated 
micro-supercapacitors with interdigital carbon forest electrodes. The electrodes were 
fabricated by a combination of standard lithography methods to fabricate metallic current 
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collectors and CVD growing of vertically aligned CNT forest. This CNT-based micro-
supercapacitor showed a specific capacitance of 428 µFcm-2.  Pech et al. [54] reported on 
fabrication of on-chip micro-supercapacitors by ink-jet printing of AC on micro-patterned 
gold electrodes. The device showed medium specific capacitance (0.4 mFcm-2 average 
capacitance of the cell), however, due to the use of polymeric binders and limited ion 
transfer in the porous network of the electrode materials, AC micro-supercapacitors show 
relatively poor frequency response [54]. In 2010, Chmiola et al. [45] reported on micro-
supercapacitors based on monolithic carbide-derived carbon (CDC) interdigital 
electrodes. The electrodes were made by selective etching of monolithic CDC film using 
gold electrode both as a mask for etching and the current collectors. The process was later 
improved by Heon et al. [55] and the developed micro-supercapacitors showed high 
volumetric capacitance at low scan rates (about 180 Fcm-3 volumetric capacitance of one 
electrode at 20 mVs-1), however, the capacitance dropped to almost half of its initial 
value by increasing the scan rate to 500 mVs-1, suggesting the poor rate handling 
capability of these micro-supercapacitors [55]. Pech et al. [56] reported fabrication and 
test of a micro-supercapacitor based on onion-like carbon (OLCs). The OLC based 
micro-supercapacitors are particularly notable as they offer ultra-high power handling 
capability with a resistance capacitance (RC) time constant of only 26 ms. The 
combination of micrometer-sized interdigital electrode design with a binder free 
deposition technique and the non-porous morphology of OLC materials was responsible 
for the excellent frequency response of OLC based micro-supercapacitors. The drawback 
of OLC based micro-supercapacitors is their modest specific capacitance (1.7 mFcm-2) 
and their high temperature processing requirements (~1800 °C) [56]. Gao et al. [57] 
24 
 
reported a direct write process to fabricate micro-supercapacitors with interdigital 
electrode design and hydrated graphene oxide (GO) as the electrolyte and separator. 
While the fabrication method is promising, the electrodes demonstrated in this work were 
fabricated in millimeter scales with the maximum capacitance of only 0.51 mFcm-2 for an 
in-plane design of electrodes. 
Table 2.2 Summary of reported micro-supercapacitors with interdigital in-plane electrodes. 
Electrode 
material Electrolyte 
Potential 
range  
(V) 
Specific 
capacitance 
(mFcm-2) 
Frequency response 
and rate capability Reference 
AC 1 M Et4NBF4 in PC 0-2.5 2.1 
-Capacitance quickly 
drops at frequencies 
more than 10 mHz  
-poor frequency 
response 
[54] 
CDC 1.5 M TEABF4 
-1-1 
180 Fcm-3 
(volumetric 
capacitance of 
single 
electrode) 
-Capacitance drops to 
half of its initial value 
at scan rates as low as 
500 mVs-1 -poor rate 
capability 
[55] 
CNT BMIM/ BF4 
-0.5-0.5 0.428 N/A [53] 
Gr PVA/ H3PO4 
0-1 <0.4 
-The device was tested 
up  to the scan rate of 
0.01 Vs-1 
[59] 
OLC 1 M Et4NBF4 in PC 0-3 
1.7 at  
1 Vs-1 
-RC time constant of 26 
ms indicating good 
frequency response. 
[56] 
AC 1 M Et4NBF4 in PC 0-3 
11.6 at 500 
mVs-1 
-RC time constant of 
700 ms. 
-Capacitance drops 
with increase in scan 
rate  
[56] 
Gr PVA/ H2SO4 
0-1 7.6 
Capacitance drops by 
about 75% scan rate of 
4 Vs-1 
[60] 
Ppy PVA/ H3PO4 
-0.25-0.25 - 
Poor capacitive 
performance at high 
scan rate 
[52] 
MnO2 1 M Na2SO4 -0.2-1 
338 Fg-1 at 50 
mVs-1 
The capacitance 
quickly drops at higher 
scan rates 
[58] 
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There are a few reports in the literature about micro-supercapacitors based on 
metal oxide pseudo-capacitive materials. Xue et al. [58] reported micro-supercapacitors 
fabricated through micro-fluidic etching of films of manganese oxide nanofiber arrays. 
The device showed a specific capacitance of about 338 Fg-1 at a very low discharge rate 
of 0.5 mAcm-2, but it showed very high resistance at higher discharge rates. Micro-
supercapacitors with interdigital electrodes of hydrous RuO2 are reported by Liu et al. 
[61], which showed a specific capacitance of 10.5 mFcm-2 at a 50 mVs-1 scan rate. 
However, the capacitance quickly dropped to 3.1 mFcm-2 at a higher scan rate of 500 
mVs-1. The characteristics and properties of some of the reported micro-supercapacitors 
with interdigital electrodes are summarized in table 2.2.   
2.7.4 Micro-supercapacitors with 3D Electrodes 
Although there are several reports on fabrication of 3D electrodes for 
microbatteries in the literature [44,62], there are very few reports about on-chip micro-
supercapacitors with 3D electrode design. Sun et al. [63] reported on-chip 3D electrodes 
for supercapacitorswhich were fabricated by electrodeposition of Ppy on 3D structure of 
nickel current collectors. The nickel current collectors were fabricated by an 
electroforming method on a pre-etched SiO2/Si 3D substrate. Later, Sun et al. improved 
their design and fabricated a full micro-supercapacitor cell [64]. They reported a specific 
capacitance of about 30 mFcm-2 for a single electrode of their fabricated device. 
Recently, Shen et al. [65] reported an on-chip micro-supercapacitor with 3D electrodes of 
activated carbon. The device was fabricated by injection of mixture of AC and a 
polymeric binder in pre-fabricated channel on a silicon chip which served as template. 
The channels were fabricated by etching silicon wafer by inductively coupled plasma 
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(ICP) and after injection of active materials into the channels, the silicon walls between 
the electrodes were removed by a second ICP step. The electrode had a 3D interdigital 
design and the thickness of the electrodes was between 50 to 70 µm. The fabricated 
device showed a specific capacitance of about 90.7 mFcm-2 and power density of about 
5105 mWcm-2 [65]. 
2.8 Carbon-Microelectromechanical Systems (C-MEMS) 
C-MEMS refers to a manufacturing technique in which a pre-patterned 
photoresist structure is converted into carbon structure by heat treatment in vacuum or 
inert environment at temperatures around 1000 ºC [66]. The photoresist is usually 
patterned with conventional lithography methods and both positive and negative tone 
photoresists can be used to fabricate carbon structures with various aspect ratios. The 
electrical resistivity of pyrolyzed photoresist carbon has been studied by Park et al. [67]. 
If negative photoresists such as SU-8 are utilized, it is possible to fabricate high aspect 
ratio carbon structure through C-MEMS technique. The SU-8 photoresist is a negative-
tone photoresist and is one of the most popular deep UV photoresists. This photoresist 
has very high optical transparency which makes it ideal for imaging near vertical 
sidewalls in thick resist film [68].  
The C-MEMS fabrication process has two main steps. The first step is 
photolithography of the photoresist to make the desired patterns. The next step is the 
carbonization or pyrolysis of the photoresist structure. The photolithography process 
usually involves spin coating, soft-bake, near UV exposure, post-bake, and development. 
Pyrolysis is done by heating the developed structure in oxygen-free atmospheres (such as 
N2, forming gas or vacuum) [66,68,69]. These fabrication steps are schematically 
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depicted in figure 2.4. By controlling the fabrication steps, a variety of carbon 
microstructures can be fabricated by C-MEMS technique. Some of the typical C-MEMS 
structures are shown in figure 2.5. The C-MEMS microstructures have been successfully 
utilized for fabrication of miniaturized Li-ion batteries, fuel cells, and biofuel cells as 
well as biological devices such as dielectrophoresis and DNA sensor arrays [66].      
 
 
Figure 2.4 Process flow for fabrication of C-MEMS microstructures. Adapted from Ref. [69].  
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Figure 2.5 Typical SEM micrographs of SU-8 structures before pyrolysis (a, b), and carbon 
structures after pyrolysis of SU-8 (c, d).  Adapted from Ref. [70].  
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3. ELECTROCHEMICALLY ACTIVATED CARBON MICRO-ELECTRODE 
ARRAYS FOR ON-CHIP MICRO-SUPERCAPACIITOR APPLICATION 
3.1 Introduction  
Development of miniaturized electronic systems has derived the demand for 
miniaturized power sources that can be integrated into such systems. Several kinds of 
micron-sized power sources such as micro-batteries [1], micro-fuel cells [2], and energy 
harvesters [3] have been developed in recent years. However, for the applications that 
require high power, there is a need for miniaturized electrochemical capacitors (micro-
capacitors) [4]. Electrochemical micro-capacitors with high power density can be coupled 
with energy harvesting devices to store the generated energy. Moreover, they can also be 
paired with micro-batteries to provide the peak power and improve the cycle lifetime. 
Based on the charge storage mechanism, electrochemical capacitors (ECs) can be divided 
into electric double layer capacitors (EDLCs) and pseudo-capacitors [5]. The former 
utilizes interfacial double layer capacitance of various types of carbon materials to store 
electric charge. The latter, the pseudo-capacitor or redox capacitor, uses fast and 
reversible surface or near-surface redox reactions for charge storage. The active materials 
of pseudo-capacititors include transition metal oxides and conductive polymers [5-6]. 
Micro-capacitors of both types have been reported in the literature [4, 7-10]. For 
example, Lim et al. [4] reported that a thin film EC based on pseudo-capacitive 
ruthenium oxide (RuO2) and Lipon solid electrolyte delivered a volumetric capacitance of 
about 38 mFcm-2µm-1, however  its capacitance dropped by 53% after 500 cycles. 
Electrochemical micro-capacitor based on conductive polymer was first reported by Sung 
et al., who fabricated Polypyrrole (Ppy) micro-electrodes by electrochemical deposition 
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on interdigitated gold electrodes [7]. More recently, Sun et al. [8] reported the fabrication 
of three dimensional (3D) PPy electrode architectures for micro-capacitors with 
geometric capacitance of the 27mFcm-2 (normalized by the footprint area) at 1 mAcm-2 
current density. On the other hand, EDLCs usually have higher rate capability, higher 
power density, and an extended cyclic life compared to pseudo-capacitors [6]. In recent 
years, there have been some efforts to fabricate micro-scale EDLCs [9, 10]. For example, 
fabrication of printable thin film ECs with single-walled carbon nanotubes as 
electroactive materials has been reported by Kaempgen et al., where the estimated 
capacitance of the fabricated cell was 1.1 mFcm-2, in a potential window of 0 to 1.0 V 
[9].  In addition, ECs from inkjet printing of activated carbon powders on interdigitated 
gold current collectors reached the maximum cell capacitance of 2.1 mFcm-2 at a low 
scan rate of 1 mVs-1 [10]. 
In this study, the carbon electrochemical systems (C-MEMS) technique was used 
to fabricate micro-electrodes for electrochemical capacitors. Furthermore, for the first 
time, an activation method was employed to improve electrochemical properties of C-
MEMS electrodes. The C-MEMS technique is a simple and reproducible process for 
fabricating various glassy carbon structures with micro patterns, in which patterned 
photoresist is pyrolyzed and converted into carbon under high temperatures in an inert 
atmosphere [11-13]. The advantages of using C-MEMS to fabricate micro-capacitor 
electrodes are that this technique is compatible with other MEMS processes and allows 
the possibility to fabricate 3D glassy carbon micro-scaled architectures. This technique 
has been used before by Wang et al. [14, 15] to fabricate carbon electrodes for micro-
batteries. Typical glassy carbon consists of embedded closed pores, which can be opened 
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by an appropriate activation process, such as thermal activation and electrochemical 
activation [16, 17, 18]. In this study, the capacitive properties of as-prepared C-MEMS 
micro-electrode arrays were investigated. To improve the performance of the C-MEMS 
structures, electrochemical activation was employed. Cyclic voltammetry (CV) and 
galvanostatic charge-discharge experiments were conducted to evaluate electrochemical 
performance of the activated micro-electrodes. The capacitive performances of activated 
and non-activated micro-electrode arrays were compared. 
3.2 Experimental 
3.2.1 Preparation of C-MEMS Electrodes 
The C-MEMS electrodes used in this study were prepared by a two-step 
photolithography process followed by a pyrolysis step. The substrate was SiO2 (2000 
Å)/Si and two kinds of negative tone photoresists, NANOTM SU-8 25 and SU-8 100 
(MicroChem Corp.), were used for the lithography process. In each step, development 
was carried out using a NANOTM SU-8 developer (MicroChem Corp.). All other 
chemicals were purchased from Sigma-Aldrich. UV lithography was performed using an 
OAI 800 mask aligner. Detailed fabrication steps of C-MEMS structures are 
schematically presented in Figure 3.1a. In brief, a two dimensional interdigitated finger 
pattern was firstly created using the photolithography of SU-8 25 photoresist. SU-8 25 
was spin coated on the substrate with initial speed of 500 rpm and then accelerated to 
3000 rpm and stayed for 30 s. Then, the spin coated photoresist was baked for 3 min at 
65°C and 7 min at 95°C on a leveled hotplate. The baked photoresist was patterned with a 
UV exposure dose of 300 mJcm-2. Post-exposure bake was done for 1 min at 65°C and 5 
min at 95°C on a leveled hotplate.  Next, another photolithography process was employed 
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using the SU-8 100 photoresist to create cylindrical posts on patterned fingers. In this 
step of the process, SU-8 100 was first spin coated on a finger patterned substrate, where 
a speed of 500 rpm was chosen to spread the photoresist, after which the speed was 
increased to 1500 rpm and kept at this speed for 30 s. Spin coated photoresist was then 
baked for 10 min at 65°C and 45 min at 95°C in an oven. The exposure was done using a 
UV exposure dose of 700 mJcm-2. Post-exposure bake was performed for 3 min at 65°C 
and 10 min at 95°C in an oven. Then the sample was developed in the SU-8 developer. 
Finally, the resulting SU-8 structures were pyrolyzed at 1000 °C for 1 h in forming gas 
atmosphere (i.e., 95% nitrogen and 5% hydrogen). To remove the residual carbon 
between the fingers after pyrolysis, all samples were subjected to oxygen plasma 
treatment at 400 mTorr with a power of 150 W for 20 s prior to other experimental 
investigations. After plasma treatment electrical resistance between the interdigitated 
electrodes was measured and the resistance in the order of mega Ohms was confirmed. 
The total numbers of samples which are used for different characterization methods were 
28 interdigitated C-MEMS micro-electrode arrays (Schematically shown in Figure 1b).  
3.2.2 Electrochemical Activation 
To perform electrochemical activation on both electrodes of each C-MEMS 
micro-capacitor, the two electrodes were connected together through the contact pads 
(schematically shown in Figure 3.1b) with a piece of silver wire. Then the contact pads 
and the silver wire were fully covered by epoxy resin to prevent their exposure to the 
electrolyte. Subsequently, the sample was composed into a three-electrode system as the 
working electrode. The reference and the counter electrodes were Ag/AgCl and a Pt wire, 
respectively. Electrochemical activation was performed in 0.5 M H2SO4 solution 
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deaerated by nitrogen bubbling. A voltage of 1.9 V was applied to the electrodes for the 
durations of either 10 or 30 min using a multichannel potentiostat/galvanostat (VMP3,  
 
Figure 3.1 (a) Schematic of a typical process flow for fabricating C-MEMS electrodes. (b) 
Schematic 3D view of a sample after carbonization. 
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Princeton Applied Research). The electrodes were then negatively polarized at -0.3 V for 
10 min. After electrochemical pretreatment, the electrodes were washed with DI water.  
3.2.3 Characterization  
The microstructure of electrodes was investigated by a JOEL 6335 field-emission 
scanning electron microscope (FE-SEM). Electrochemical performance tests were 
performed in two-electrode electrochemical cells, where one of the interdigitated 
electrodes acted as the working electrode and the other as the counter electrode. The 
electrolyte was deaerated 0.5 M H2SO4 aqueous solution. CVs were recorded at different 
scan rates ranging from 5 to 200 mV s-1. Galvanostatic charge/discharge experiments 
were performed under various current densities in the voltage range between 0 and 1 V. 
All the electrochemical tests were carried out in room temperature. 
For each sample, geometric surface area and volume were measured using SEM 
and optical microscope images. The density of the photoresist-derived carbon was 
measured by calculating the weight of 5 carbon films with known thickness and 
geometric area. The average density was 1.52 g cm-3. The weight of each electrode was 
estimated by multiplying geometric volume into the average density of photoresist 
derived carbon. To confirm the accuracy of measured weights by this method, weights of 
5 electrodes were measured by subtracting the measured weight before and after the 
removal of the electrodes from the substrate. The measured weights by the two methods 
were in good agreement and the average deviation in calculated weights was about 5%. 
In this work, three different terms were used to describe the corresponding 
capacitance of the electrodes. For each electrode, specific gravimetric capacitance, 
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specific geometric capacitance and specific volumetric capacitance is the capacitance of 
the electrode normalized by its mass, geometric surface area and volume, respectively. 
3.3 Results and Discussion 
3.3.1 Structural Characterizations  
Figure 3.2 shows typical SEM micrographs of C-MEMS electrodes. Carbon posts are 
perfectly aligned on carbon fingers and the device has two interdigitated 3D electrodes. 
 
Figure 3.2 SEM images of C-MEMS electrodes. (a) SU-8 structure (b) carbonized structure. The 
insets show higher magnification images.    
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The total footprint area of a typical sample is 9 mm × 9 mm with a total of 50 
interdigitated fingers (25 fingers for each electrode) and the finger widths were ~100 μm. 
After carbonization, the measured post diameters of samples ranged from about 53 to 68 
μm. The heights of carbon posts of different samples varied from about 115 to 140 μm 
with an average of ~130 μm. The origin of variation of post height and diameter for 
different samples is attributed to the difference in wafer chip size and small variations of 
the amount of photoresist used for spin coating during fabrication of each sample. We 
predict that the dimensions of carbon post for different samples can be effectively 
controlled by optimizing experimental parameters during the fabricating process. Due to 
the good adhesion of SU-8 25 to the substrate, the shrinkage of fingers during 
carbonization is less than the posts. On the other hand, the adhesion of SU-8 fingers and 
posts are also very good. Therefore, the shrinkage of structure in contact regions of 
fingers and posts are controlled by shrinkage of fingers. As a result, the posts have shrunk 
less near the base of the structures than at the midsection [14].  
3.3.2 Electrochemical Tests 
Non-activated samples 
CV was used to determine electrochemical properties of non-activated samples. 
Figure 3.3a shows the CV curves of a non-activated sample at various scan rates. The CV 
curves show a near rectangular shape at all scan rates. The average current is low, 
ranging from 3.48 to 2.84 µA, and increases by increasing the scan rate. The capacitance 
of the two electrode cells can be calculated according to the following equation [19, 20]:
Vs
dV)V(I
C
∆
= ∫
2
                       (3.1) 
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where ʃI(v)dV is the total voltammetric charge obtained by the integration of positive and 
negative sweep in cyclic voltammograms, s is the scan rate and ΔV is the width of the 
potential window.   
 
Figure 3.3 (a) CVs of a non-activated sample (the arrow shows the direction of increasing scan 
rate). (b) The specific gravimetric and geometric capacitance of a non-activated sample at various 
scan rates. 
The capacitance calculated from Eq. (3.1) is the total capacitance of the cell 
which is the sum of the two equivalent single electrode capacitors in the series. To 
calculate the specific gravimetric and geometric capacitance of each electrode, equations 
Eq. (3.2) and (3.3) have been used respectively. 
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m
CC 2=                                     (3.2) 
A
CC 2=                          (3.3) 
where Cm is the specific gravimetric capacitance, C is the total capacitance of the cell, m 
is the mass, CA is the specific geometric capacitance and A is the total geometric surface 
area of a single electrode. The two electrodes of the device have identical design 
specifications and have been fabricated simultaneously during the fabrication process. 
Moreover, the electrodes were activated at the same time in one electrochemical cell. 
Therefore, for calculating the capacitance, we have assumed that the two electrodes of the 
device have identical capacitance value. 
Figure 3.3b shows the specific gravimetric and geometric capacitances of C-
MEMS electrodes measured at different scan rates of 5, 20, 50, 100, and 200 mVs-1.  The 
specific capacitance decreases gradually by increasing the scan rate and the highest value 
of geometric capacitance of ~0.07 mFcm-2 is found at the lowest scan rate of 5 mVs-1. At 
this scan rate the specific gravimetric capacitance is calculated as ~0.03 F g-1. 
Considering the relatively smooth and pore-free surface of the photoresist derived carbon 
structures, the low specific capacitance of as-pyrolysed C-MEMS electrodes is 
reasonable [21]. This implies the active surface of these electrodes is limited to their 
measurable geometric surface.  
Electrochemically activated samples 
Figure 3.4a presents the CV curves at different scan rates of a sample activated 
for 30 min. The curves at all scan rates show a near rectangular shape and a broad band 
was observed on top of these rectangular responses. It is known that the anodic oxidation 
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of samples increases the amount of oxygen groups on the electrode surface [17]. A broad 
peak at 0.2 ~ 0.4 V during anodic sweep can be attributed to the contribution of active 
oxygen surface groups generated by electrochemical treatment [22]. CV studies of 
electrochemically activated glassy carbon by Nagaoka et al. also show a similar broad 
peak on anodic curves [23]. In addition, the shapes of anodic/cathodic sweeps are 
asymmetric, which is in accordance with the reports by Sullivan et al. [17, 22] and 
Nagaoka et al. [23]. This is due to either slow electron transfer between surface redox-
active groups and the bulk glassy carbon, or charging effects resulting from small pores 
and microcracks [17, 22, 23]. 
In Figure 3.4b CV curves of a non-activated and a sample activated for 30 min are 
compared at the same 100 mVs-1 scan rate. The area of the activated sample’s CV curve 
is significantly larger than that of the non-activated sample, which implies the 
enhancement of the specific capacitance after activation. The gravimetric and geometric 
specific capacitance of samples activated for 30 min and 10 min were calculated from CV 
curves (shown in Figure 3.4c). For all samples, the specific capacitance decreases with an 
increase in the scan rate. The specific gravimetric capacitance of the sample activated for 
30 min (~33 Fg-1) was almost three orders of magnitude higher than the non-activated 
sample (~0.03 Fg-1). At a scan rate of 5 mVs-1, the geometric capacitance for the non-
activated and activated (30 min) samples was ~0.07 mFcm-2 and ~75 mFcm-2. 
The geometric capacitance of the sample activated for 10 min was ~22 mFcm-2. 
At the same scan rate, the volumetric capacitance of samples activated for 10 and 30 min 
was ~14 Fcm-3 and ~48 Fcm-3, respectively.  
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Figure 3.4 (a) CVs of microelectrodes in two-electrode cells after activation for 30 min at 
different scan rates (the arrow shows the direction of increasing scan rate).  (b) Typical CVs of 
samples before and after activation for 30 minutes in 0.5 M H2SO4 aqueous electrolyte at 100 
mVs-1 scan rate. (c) The specific gravimetric and geometric capacitance of activated samples at 
various scan rates.  
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Figure 3.5 Cyclic performance and capacity retention for an activated sample.  
The specific capacitances at different scan rates of the sample activated for 30 
min are higher than that of samples activated for 10 min at corresponding scan rates. The 
C-MEMS sample activated for 30 min was also examined by CV tests for 1000 cycles at 
the scan rate of 50 mVs-1 in the two electrode system. The capacitance value has been 
plotted and shown in Figure 3.5. The specific capacitance of this sample at the first cycle 
was ~17 F g-1. After 1000 cycles, the specific capacitance was 15 F g-1 and there was 
only 12.3 % fade of the initial capacitance. This indicates acceptable cyclability of 
activated micro-electrodes compared to electrochemical micro-capacitors reported by 
Lim et al., where 53% of the initial capacitance faded after 500 cycles [4]. 
In order to further investigate the performance of electrochemically activated C-
MEMS micro-electrodes, galvanostatic charge/discharge experiments were performed on 
activated samples with various current densities in a voltage range of 0-1.0 V. Examples 
of charge/discharge curves of the samples activated for 30 min at various discharge 
current densities are shown in Figure 3.6a. The charging half of each charge/discharge 
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cycles is almost a straight line if excluding the initial iR drop. The discharge curves also 
have small iR drops at the beginning as shown in Figure 3.6a. After the iR drop, the 
decrease of voltage with increasing time deviates from a straight line. Deviation from 
ideality in voltage-time curves has also been observed for electrochemically modified 
graphite electrodes by Xu et al. [24] Niu et al. [25] also reported non-linearity in voltage-
time curves of porous C-cloth material. While pseudo-capacitive contribution from 
redox-active surface groups can cause the deviation from linearity in charge/discharge 
curves, Niu et al. [25] explained that other factors may also contribute to this non-ideal 
behavior. These factors include redistribution of charge within the pores of activated 
electrodes during charging or discharging and the effect of direct equivalent series 
resistance (ESR). The discharge capacitance of the cell was measured from the discharge 
curves after the iR drop, according to the following equation [26]: 
1−∆×∆×= VtIC                         (3.4) 
where I is the current and Δt is the time interval for the change in voltage range ΔV. The 
specific gravimetric and geometric capacitance of the electrodes was calculated using Eq. 
(3.2) and Eq. (3.3), respectively.  
Figure 3.6b shows the variation of the specific gravimetric and geometric 
capacitance of activated samples at various discharge rates. The geometric capacitance is 
~48 mFcm-2 at 1 mAcm-2. Specific gravimetric capacitance decreases from ~24 Fg-1 at 0.5 
mAcm-2 discharge current density to ~11 Fg-1 at 5 mAcm-2 discharge current density. 
These results are in agreement with the above CV results. The improvements in 
electrochemical performance of activated electrodes can be explained by the following 
reasons. 
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Figure 3.6 (a) Galvanostatic charge/discharge curves at various discharge rates. (b) The specific 
gravimetric and geometric capacitance of activated samples at various discharge rates. The 
sample was electrochemically activated for 30 min. 
Firstly, introducing oxygen groups to the surface carbon electrodes is able to 
improve the wettability of the electrode surface and contribute additional pseudo-
capacitance [27]. While the appearance of a current maximum on CV curves (Figure 
3.4a) proves the existence of oxygen groups on the surface of the electrodes, further 
studies need to be done to quantitatively evaluate their contribution to the capacitive 
performance of the electrodes. Secondly, the increase in the surface area of the electrodes 
48 
 
after activation seems to be the main reason of enhancement of specific capacitance since 
the electrochemical pretreatment oxidizes the carbon surface and thus open up the 
internal closed pores, which is demonstrated by Sullivan et al. [22]. Braun et al. [28] had 
suggested that this activation process creates a large and electrochemically accessible 
internal surface area, which thus increases the double layer capacitance. Our attempts to 
analyze the pore size of the electrodes by studying gas adsorption isotherms could not 
deliver reliable results mainly because the small amount of active materials for each 
micro fabricated sample makes it impossible to have a precise sorption measurement. 
Further investigations need to be done in order to quantify the increase in surface area of 
the electrodes after electrochemical activation. 
Another possible reason for the increase in the capacitance of the electrodes after 
electrochemical treatment is the irreversible intercalation of ions during polarization. This 
phenomenon has been observed for graphitizable carbon [29]. It is reported that, during 
the first polarization cycle ions are inserted into the carbon structure. This intercalation 
process is irreversible and provides a larger specific capacitance in successive cycles 
[29]. To investigate intercalation in C-MEMS electrodes, we performed polarization on 
electrodes for several cycles (between 0 to -2.5 V). No significant irreversible increase in 
the capacitance was observed for the C-MEMS electrodes. 
Compared to previously published carbon based electrochemical micro-capacitor 
works [9, 10], our micro-capacitors based on C-MEMS shows excellent and promising 
performance. Despite the significant improvement after electrochemical activation, the 
gravimetric capacitance of the C-MEMS electrode is still lower than that of activated 
carbon powders with very high BET surface area which is widely used in ECs. 
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It was reported that KOH activated carbon with a BET surface area of 3150 m2g-1 
shows specific gravimetric capacitance of 312 Fg-1 in a 1 M H2SO4 solution [30]. This 
can be reasonable considering the activation mechanism during electrochemical 
activation. As mentioned above, electrochemical activation forms an active porous film 
on the surface of the electrode. Braun et al. [28] showed that the formation of the active 
film begins at the outer surface of the carbon and extends into the interior gradually 
during the activation process, surrounding an inactive core with closed pores. The 
thickness of the active layer linearly increases with an increase in the activation time as 
reported by Sullivan et al. [22]. For the activation time of 30 min used in this study, we 
can expect the thickness of the active film to be just a few microns. This indicates that a 
carbon layer with thickness of only a few microns on the surface of carbon posts 
contribute to the capacitance of electrodes and a large amount of the mass of the 
electrode is not accessible to the electrolyte. It is assumed that by increasing the surface 
area and decreasing the mass of electrodes through fabrication of high aspect ratio carbon 
posts, the gravimetric specific capacitance can be improved. Furthermore, as projected 
from Figure 3.4c electrochemical activation of electrodes for longer durations could 
result in a further increase in the specific capacitance of samples. Moreover, based on the 
proposed model of development of porous structures on the surface of glassy carbon 
electrodes by Sullivan et al. [22] and Braun et al. [16], we can assume that at the initial 
stages of activation, the pore entries are too small for the electrolyte to penetrate. As 
activation advances, pore walls would be thinned, and thus pores will grow in size. 
Therefore, increasing the activation time will also enhance the accessibility of the pores, 
which in turn enhances the electrochemical capacitance of the electrodes under high 
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charge-discharge current conditions. Enhancement of the accessibility of the electrolyte 
will also improve the non-ideal behavior which was observed in the voltage-time curve. 
Our attempts to further increase the activation time is not repeatable since the carbon 
current collectors (fingers) delaminated from the surface of the wafer in the case of 
longer activation times. Further research is underway to improve the adhesion of carbon 
fingers to the substrate. 
The present study demonstrates that C-MEMS fabricated interdigitated micro-
electrodes are potentially capable of delivering energy storage solutions for micro-
devices. Compared to as-prepared electrodes, electrochemical activation of electrodes for 
30 min increased the capacity by three orders of magnitude. Fabrication of higher aspect 
ratio micro-electrodes can increase the surface area of the device in the limited footprint 
area thus increasing the capacitance normalized by the footprint of the device. Future 
developments will include fabrication of higher aspect ratio 3D electrodes, increasing the 
adhesion of carbon current collectors to the substrate, and optimizing the conditions of 
electrochemical activation. 
3.4 Conclusion 
The C-MEMS technique was used to fabricate interdigitated micro-electrode 
arrays for on-chip electrochemical micro-capacitors. Electrochemical characterization of 
electrochemically activated micro-electrodes shows excellent capacitive behavior. 
Specific geometric capacitance of ~75 mFcm-2 was achieved after electrochemical 
activation for 30 min. For this activation duration the volumetric capacitance was ~48 
Fcm-3. These results indicate that the C-MEMS technique is a very promising method for 
the fabrication of electrochemical micro-capacitors. However, the non-ideal voltage-time 
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curves and rapid drop in capacitance at high scan rates suggests that activation conditions 
should be improved to enhance the electrochemical properties of micro-devices. 
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4. MICRO-SUPERCAPACITORS BASED ON THREE DIMENSIONAL 
INTERDIGITAL POLYPYRROLE/C-MEMS ELECTRODES 
4.1 Introduction  
Supercapacitors are fast charging energy storage devices with moderate energy 
density, which have higher power densities as compared to batteries and higher energy 
densities when compared to conventional capacitors.  Based on the energy storage 
mechanism, supercapacitors are of two types: (a) electric double layer capacitors 
(EDLCs) which electrostatically store charge on the electrode/electrolyte interface of 
high surface area materials, and (b) pseudo-capacitors or redox capacitors which store 
charge in the bulk of a redox material in response to fast surface and near-surface redox 
reactions [1,2]. When used in conjunction with batteries, supercapacitors improve the 
performance by expanding the cycle life and providing the peak power when it is needed. 
The recent development in small and portable electronic devices has increased the 
demand for power sources that are sufficiently compact and are potentially able to be 
integrated on a chip with other electronic components. Miniaturized electrochemical 
capacitors or micro-supercapacitors are expected to be the power sources for miniaturized 
electronic devices [3–7]. 
Most of the recent research efforts in the micro-supercapacitor field have focused 
on increasing energy and power densities by improving the material properties and 
architecture of the devices. From the material aspect, various nanostructured materials 
have been utilized as electrode materials for micro-supercapacitors. Several carbonaceous 
nanomaterials such as carbon nanotubes (CNT) [4], activated carbons [6], carbide derived 
carbons [3], graphene [8], and carbon onions [5] have been used to fabricate EDLC 
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micro-supercapacitors. Moreover, transition metal oxides such as Ruthenium oxide [9] 
and conductive polymers such as polypyrrole (PPy) [10] have been used as materials for 
pseudo-capacitive micro-supercapacitors. From the device architecture aspect, there are 
mainly two types of micro-supercapacitor architectures reported in the literature, one 
composed of  thin film electrodes of nanostructured materials [4,11] and the other   
consisting of small interdigital finger electrodes [3,5–7,10]. Recently, the latter type has 
gained more interest. This architecture offers two main advantages in comparison to 
conventional two dimensional (2D) stacking of thin film electrodes:  (a) having both 
electrodes in the same plane (easier for on-chip integration) and (b) having an improved 
performance and kinetics compared to the thin film devices of the same materials [3].  
The device performance could be further enhanced by employing three dimensional (3D) 
electrodes with high effective surface area. This has been verified by the improved 
performance of micro-batteries [12] and micro-supercapacitors [13] with 3D interdigital 
electrodes fabricated through micro-molding or deep reactive ion etching (DRIE). 
However, more facile fabrication techniques are needed to expand the applications of this 
type of micro-supercapacitor.  
Previously, we reported fabrication of micro-supercapacitors through Carbon-
microelectrochemical systems (C-MEMS) technology [7,14]. The specific capacitance of 
as-prepared C-MEMS electrodes could be improved by electrochemical activation [7] 
and integration of CNTs on the electrodes [14]. In this study, we describe a different 
approach to enhance energy and power density of micro-supercapacitors by employing a 
combination of a high surface area C-MEMS current collector and a pseudo-capacitive 
material with high capacitance. PPy is a low cost and environmentally friendly capacitive 
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material with high energy density and it has been the subject of numerous studies as the 
electrode material for supercapacitors [15]. In this research, PPy was electrochemically 
deposited on 3D C-MEMS structures to develop a pseudo-capacitive micro-
supercapacitor. Cyclic voltammetry (CV) and galvanostatic charge-discharge 
experiments were conducted to evaluate the electrochemical performance of both single 
PPy/C-MEMS electrodes and full symmetric cells.  We demonstrated that the power and 
energy density of PPy based micro-supercapacitors can be improved by structuring the 
electrodes to 3D interdigital electrode architectures.   
4.2 Experimental  
4.2.1 Design of the Electrodes 
We have designed and tested single micro-electrodes and symmetric micro-
supercapacitors of PPy on 3D interdigital current collectors which have been fabricated 
through the C-MEMS technique. Structuring the electrodes in a 3D platform offers higher 
effective surface area in footprint of devices compared to thin film and 2D interdigital 
electrodes. This fact has been schematically illustrated in Figure 4.1a. The ratio of 
effective surface area of the 3D electrode to the 2D electrode (Aeff) can be calculated from 
Eq. (4.1): 
   (4.1)      
 
where L and W are the length and width of the projected surface area (finger), D, H and 
N are the diameter, height and number of carbon posts, respectively.  With the 
dimensions of the electrodes used in this study, i.e., 7000 , 80, 50, and 140 microns for L, 
1+=
LW
DHNAeff
π
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W, D, and H, respectively, and by having 39 carbon posts on each finger (N=39) we can  
achieve Aeff=2.53.  
 
Figure 4.1 (a) 2D and 3D design of interdigital electrodes. (b) Schematic 3D view of a PPy/C-
MEMS micro-supercapacitor. 
4.2.2 Fabrication of C-MEMS Structures 
The Preparation of C-MEMS electrode has been described in detail elsewhere [7]. 
Briefly, a thin layer of negative tone photoresist (SU-8 25, MicroChem Corp.) was spin 
coated on a SiO2/Si wafer. Subsequently the photoresist was baked for 3 min at 65°C and 
7 min at 95°C on a leveled hotplate, and patterned with a UV exposure dose of 300 
mJcm-2.  Post-exposure bake was done for 1 min at 65°C and 5 min at 95°C on a leveled 
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hotplate. A second layer of photoresist with much higher thickness (SU-8 100, 
MicroChem Corp.) was spin coated on top of the patterned fingers. This layer was baked 
for 10 min at 65°C and 45 min at 95°C in an oven. The exposure was done using a UV 
exposure dose of 700 mJcm-2. Post-exposure bake was performed for 3 min at 65°C and 
10 min at 95°C in an oven. Then the sample was developed in the SU-8 developer. 
Finally, the resulting SU-8 structures were pyrolyzed at 1000 ◦C for 1 h in a forming gas 
atmosphere (i.e., 95% nitrogen and 5% hydrogen). The residual carbon between the 
fingers was then removed by oxygen plasma etching at 400 mTorr with a power of 150 
W for 20s.  
4.2.3 Electropolymerization of PPy Films  
In order to electrochemically deposit PPy film on the C-MEMS current collectors, 
the two electrodes of the device were connected together and the device was set as a 
working electrode in an electrochemical cell. An Ag/AgCl electrode and a platinum wire 
served as a reference electrode and a counter electrode, respectively. PPy was 
electrochemically deposited on the C-MEMS current collectors from an electrolyte 
solution of 0.1 M Pyrrole monomer and 0.5 M LiClO4 supporting salt at constant current 
density of 1 mAcm-2 for durations of 5 to 15 min. After the deposition, electrodes were 
washed with DI water and dried in air. Figure 4.1b schematically shows the prepared 
PPy/C-MEMS micro-supercapacitor. For comparison, 2D film electrodes were also 
fabricated by electrodeposition of PPy on pyrolyzed photoresist carbon films which were 
prepared by carbonizing thin SU-8 photoresist films at the same condition as carbonizing 
3D electrodes. The deposition of PPy was performed using the same deposition 
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conditions and solution as deposition of PPy on 3D C-MEMS electrodes. The surface 
area of carbon film electrodes was about 0.5 cm2. 
4.2.4 Characterization 
The Microstructure of PPy/C-MEMS electrodes were studied by a field emission 
scanning electron microscope (FE-SEM, JEOL 7000F). The electrochemical performance 
of electrodes was tested using a multichannel potentiostat/galvanostat (VMP3, Princeton 
Applied Research) with both three-electrode and two-electrode systems in 0.1 M KCl 
aqueous electrolyte. In the three-electrode system a single PPy/C-MEMS electrode 
served as the working electrode, while a Pt wire and Ag/AgCl  electrode were the counter 
and reference electrodes, respectively. In the two-electrode system, one of the interdigital 
electrodes was the working electrode while the other electrode acted as both the counter 
and the reference electrode.  The dimensions of C-MEMS current structures were 
estimated from SEM images. The density of deposited PPy was calculated from a PPy 
film deposited on a large carbon film substrate (2.5 cm2 surface area). First the weight of 
the PPy film was estimated by subtracting the weight of the electrode before PPy 
deposition from the weight of the electrode after electropolymerization of PPy and 
drying. Then, the thickness of the electrode was estimated from the cross-sectional SEM 
images and profilometry measurements. The estimated density of PPy film is about 1.48 
gcm-3, which is very close to the reported density of PPy in the literature (i.e.,1.5gcm-
3)[16]. For the electrodes with 5, 10 and 15 min electropolymerization time, the thickness 
of PPy films are 0.5±0.03, 1.2±0.09 and 2±0.08 microns, respectively. 
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Figure 4.2 SEM images of (a) as-pyrolyzed C-MEMS electrodes (b) C-MEMS electrodes with 
PPy film. (c) High magnification image from the wall of a carbon post showing nanostructure of 
PPy film. 
4.3 Results and Discussion 
SEM micrographs of typical PPy/C-MEMS micro-supercapacitors are sown in 
Figure 4.2. These images show a conformal coating of PPy on the interdigital C-MEMS 
electrodes (both fingers and posts). Typical samples have a finger width of about 80 µm 
and an average post diameter and height of 50 and 140 µm, respectively. Higher 
magnification image taken from the wall of a carbon post (Figure 4.2c) show a 
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nanostructured granular raspberry-like morphology, which is typical of perchlorate-doped 
PPy [17].  
 Capacitive properties of materials can be revealed by Cyclic Voltammetry (CV). 
Voltammograms with a rectangular shape, high reaction current, and symmetric in anodic 
and cathodic directions, are an indication of ideal capacitive behavior. The performance 
of single electrodes and full cells were examined by CV at different scan rates ranging 
from 5 to 100 mVs-1. Figure 4.3a shows the CV curves of single PPy/C-MEMS 
electrodes with PPy polymerization durations of 5, 10 and 15 min at a scan rate of 20 
mVs-1 in 1 M KCl electrolyte. The CV response of single electrodes clearly shows the 
capacitive characteristics and small redox features of PPy under doping and de-doping of 
ions. All the CV curves exhibit a mirror image characteristic with respect to the potential 
axis at zero current and the reactive current density is higher for the electrodes with 
longer electrodeposition of PPy. The capacitance of single electrodes can be calculated 
by integrating the current of CV curves over the whole potential range according to Eq. 
(4.2): 
              (4.2)
 
 
where ʃI(V)dV
 
is the total voltammetric charge obtained by the integration of positive and 
negative sweep in cyclic voltammograms, s is the scan rate and ΔV is the width of the 
potential window. Figure 4.3b shows the discharge curves of electrodes at 1 mAcm-2 
current density. The discharge curves are near straight lines after the initial iR drop and 
discharge time increases with the increase in electropolymerization time of the electrodes. 
Vs
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The discharge capacitance can be calculated from linear parts of discharge curves 
according to Eq. (4.3): 
                        (4.3)       
where IA is the current and Δt is the time interval for the change in voltage range ΔV. 
Following the suggestion by Stoller et al. [18] for calculation of specific capacitance from 
galvanostatic discharge curve, ΔV in Eq. (3) is from the middle of the voltage range to 
maximum voltage (Vmax). 
Table 4.1 Specific capacitances of the electrodes with different polymerization time from CV (20 
mVs-1) and galvanostatical discharge (1 mAcm-2). 
  Specific capacitance (mFcm
-2) 
  
Normalized by geometric surface 
area 
  Normalized by footprint area 
  Test method  
Polymerization time 
(min) CV  
Galvanostatic 
discharge   CV  
Galvanostatic 
discharge 
5 12.99±1.38 11.98±1.61   29.99±3.18 27.64±3.72 
10 48.70±7.89 52.91±5.17   112.39±11.28 122.10±11.94 
15 70.23±5.38 82.60±7.55   162.07±12.4 190.61±17.47 
 
The specific capacitance calculated from CV and discharge curves are presented 
in Table 4.1. Specific capacitance is calculated by normalizing the capacitance value by 
both geometric surface area (the surface area of carbon post and fingers) and footprint 
area of the electrodes (projected area). As shown in this table, both geometric area 
normalized and footprint area normalized capacitances are increasing with the increase in 
polymerization time. For the electrodes with a 15 min polymerization time, specific 
capacitances normalized by the geometric surface area are 70.23±5.38 and 82.60±7.55 
mFcm-2 from CV and galvanostatic discharge curves, respectively. At this polymerization 
1−∆×∆×= VtIC
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time, specific capacitances normalized by the footprint of the electrodes are 162.07±12.4 
and 190.61±17.47 mFcm-2 from CV and discharge curves, respectively. The CV tests 
were performed on the single electrodes at various scan rates (Figure 4.4a). However, we 
chose to highlight the specific capacitance from the CV test at a 20 mVs-1 scan rate in 
Table 2, since at this scan rate the discharge rate is similar to that of a typical 
supercapacitor application [18]. There are some discrepancies between the specific 
capacitance calculated from CV curves at 20 mVs-1 and galvanostatic discharge curves at 
1 mAcm-2. The difference is more pronounced in the case of the electrode with the 
thickest PPy film (Polymerized for 15 min). The main origin of these discrepancies is the 
difference between the discharge rates of the electrodes when tested with galvanostatic 
charge/discharge at 1 mAcm-2 and CV at 20 mVs-1. Discharge rates for galvanostatic 
charge/discharge tests can be calculated from Figure 4.3b and are about 100, 16, and 10 
mVs-1 for the electrodes with PPy polymerization times of 5, 10 and 15 min, respectively. 
Comparison of calculated specific capacitance from the two methods should only be 
made at a similar discharge rate during the tests. In addition, for the electrodes with 
thicker PPy film the diffusion of the electrolyte ions to the lower levels of PPy film is 
limited. The diffusion of ions along the depth of film is more difficult at higher 
charge/discharge rates. In other words, at higher charge/discharge rates, ions cannot 
diffuse through the whole thickness of the PPy film in the time frame of capacitive 
measurement and only a portion of the film can contribute to the measured capacitance 
[19]. The weight of the PPy on the C-MEMS electrodes was estimated using the 
calculated data for surface area of the micro-electrodes and thickness and density of PPy 
films. The estimated specific gravimetric capacitances of the electrodes with 5, 10 and 15 
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min electropolymerization time are 175.66±18.60, 274.23±27.55 and 237.27±18.19 Fg-1, 
respectively. Although the electrodes with 15 min electropolymerization time have higher 
footprint area normalized capacitance as well as a higher specific geometric capacitance, 
they have a lower specific gravimetric capacitance. This again shows that due to the 
limited diffusion of ions in thick PPy films a portion of the material is not utilized during 
the tests. 
 
Figure 4.3 (a) CV curves of PPy/C-MEMS single electrodes with different electropolymerization 
time at 20 mVs-1 scan rate. (b) Discharge curves of electrodes at 1 mAcm-2 discharge current 
density. 
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PPy can only be p-doped since its n-doping potential is much lower than the 
reduction potential of molecular solvent-based electrolytes [15,20]. The capacitance of 
PPy films comes from reversible intercalation/deintercalation (doping/dedoping) of 
electrolyte anions according to the following reactions [15]:  
PPy + nA- → PPyn+(A-)n +ne-    (Charge)             (4.4) 
PPyn+(A-)n +ne-→ PPy +  nA-     (Discharge)             (4.5) 
In these equations, PPy designates a fragment of polypyrrole chain and A- 
represents anion. It should be noted that in Eq. (4) and (5), anions (A-) can be primary 
anions which are integrated into the polymer during electrodeposition (ClO4-) or 
secondary anions (Cl-) that can be involved in electrochemical redox reactions together 
with or instead of primary anions [21,22]. Here, the PPy films deposited on the C-MEMS 
electrodes are doped with ClO4- ions. During the first discharge half cycle the reaction 
showed by Eq. (2) occurs and ClO4-  leaves the PPy film and is replaced by Cl- in 
subsequent charge and discharge cycles due to the higher concentration and smaller size 
of Cl- ions [13]. During charging, Cl- ions diffuse into the PPy film through the path 
formed by ClO4- undoping. The single electrodes polymerized for 5, 10 and 15 min were 
also tested with various scan rates from 5 to 100 mVs-1. The specific capacitances of 
electrodes at different CV scan rates are presented in Figure 4.4a. 
For all electrodes, specific capacitance decreases with an increase in scan rate. At 
lower scan rates there is sufficient time for ions to complete the doping/undoping process 
which results in much higher capacitance compared to the test results at higher scan rates. 
On the contrary, at high scan rates the change of electric field is faster than charge 
diffusion, resulting in a relatively lower capacitance. This figure also shows that for all 
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scan rates, specific capacitances of the electrode polymerized for 15 min are higher than 
electrodes with a lower polymerization time. However, the difference in capacitance is 
higher in slower scan rates. This is because at the faster scan rates the ions cannot fully 
diffuse through the thick film of PPy and only a portion of the thickness of the film is 
accessible to the ions [19].  
 
Figure 4.4 (a) Specific capacitance and (b) specific power of three single PPy/C-MEMS 
electrodes polymerized for 5, 10 and 15 minutes at different scan rates. 
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The specific powers of the electrodes at different scan rates are presented in 
Figure 4.4b. As can be seen in this figure, specific power increases by increasing both the 
polymerization time and the scan rates. The electrode polymerized for 15 min has a 
specific power of 1.62±0.12 mWcm-2 at 20 mVs-1 scan rate, higher than the power 
densities  of PPy micro-supercapacitors that have  been  reported thus far [13]. To show 
the advantages of the 3D architecture of micro-supercapacitor electrodes, footprint 
specific capacitance of a 3D PPy/C-MEMS electrode is compared with that of PPy 
electrodes polymerized on 2D carbon film electrodes in Figure 4.5. For all durations of 
electropolymerization, the specific capacitances of 3D electrodes are higher than 2D film 
electrodes. It should be noted that for higher electropolymerization times the difference 
between capacitance of 3D and 2D electrodes are higher. This is due to the better 
accessibility of electrolyte ions to the thicker PPy film in the 3D structure. The 
performance of PPy/C-MEMS electrodes were also evaluated in a micro-supercapacitor 
cell constituting two symmetric electrodes. The CV curves of cells with different PPy 
electropolymerization times are presented in Figure 4.6. In the symmetric potential 
window of -0.8 to 0.8 V, and for all polymerization durations, CV curves present a 
rectangular shape characteristic of an ideal capacitor. To evaluate  the performance of 
each electrode of each  symmetric cell, according to the method described by Sun et al. 
[13], the CV curve of a symmetric micro-supercapacitor (polymerized for 15 min) was 
divided into four zones by drawing two lines at zero current and zero potential (Figure 
4.6). These four zones designate two charging and two discharging parts of the CV curve. 
The charge or discharge capacitance of each electrode of the symmetric cell can be 
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calculated using Eq. (2) for any of the four parts of CV. The calculated charge and 
discharge capacitances at different scan rates are presented in Table 4.2. 
 
Figure 4.5 Comparison of footprint normalized specific capacitance of PPy/2D carbon film and 
PPy/3D C-MEMS electrodes. 
 
Figure 4.6 CVs of symmetric micro-supercapacitors with different polymerization time.  
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Table 4.2 Specific capacitance (capacitance per unit footprint area) of working and counter 
electrodes of symmetric micro-supercapacitors with different polymerization time at charge and 
discharge. 
  Specific capacitance (mFcm
-2) 
  Electrode  
Polymerization 
time (min) 
Working electrode 
charge  
Working electrode 
discharge 
Counter electrode 
charge  
Counter electrode 
discharge 
5 30.31±2.58 25.76±1.53 31.47±2.43 25.82±1.55 
10 58.32±3.73 45.81±2.71 58.33±3.74 45.80±2.72 
15 89.28±6.20 67.11±5.12 89.56±6.04 68.60±5.32 
 
It should be noted in Table 4.2 that for all polymerization times the charging and 
discharging capacitance of the working and counter electrodes are very similar. This 
implies that the two electrodes of symmetric C-MEMS/PPy micro-supercapacitors are 
very similar in geometric surface area. It is also observed in Table 4.2 that for all 
polymerization times and all electrodes, charge capacitances of electrodes are higher than 
discharge capacitance and the difference becomes more for thicker PPy films (with 
higher electropolymerization times). For a symmetric capacitor the total capacitance of 
the cell can be calculated using Eq. (4.6): 
                                 (4.6)    
 
 
If the two electrodes of the supercapacitor have similar capacitance (C1=C2), then 
we can write C1=2C, implying that the capacitance of electrode calculated from CV with 
the above mentioned method should be half of the capacitance of single electrodes. Here, 
the average value of capacitance of the symmetric micro-supercapacitor with 15 min 
21
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polymerization time, i.e. 78.35±5.67 mFcm-2, is slightly lower than half of the 
capacitance of the PPy/C-MEMS single electrodes calculated from three-electrode tests, 
i.e., 81.03±6.2 mFcm-2. 
Charge-discharge cycles of symmetric micro-supercapacitors are presented in 
Figure 4.7. The curves show a triangular shape with linear charge and discharge half 
cycles, typical of supercapacitors. One charge/discharge cycle can also be divided into 
four parts corresponding to the two electrodes charge and discharge. The specific 
capacitance calculated from the charge/discharge test of symmetric micro-supercapacitor 
is 119.05±6.73 mFcm-2 for a device with the PPy deposition time of 15 min.  
 
Figure 4.7 Galvonstatic charge/discharge curve of symmetric micro-supercapacitor. 
Although testing the device at a symmetric potential window of -0.8 to 0.8 
provides a chance to compare the performance of the working and the counter electrodes, 
the actual operation window of the micro-supercapacitor is 0 to 0.8 V. To investigate the 
cyclic performance of symmetric PPy/C-MEMS micro-supercapacitors, a micro-
supercapacitor cell with an electrode polymerization time of 15 min was cycled 1000 
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times at a 20 mVs-1 scan rate in a potential window of 0 to 0.8 V.  Figure 4.8a presents 
the CV curves of the first and 1000th cycle. The specific capacitance of the electrode 
almost continually fades and after 1000 cycles it reaches almost 56% of its initial value 
during the first cycle (Figure 4.8b). Poor cyclic performance is the main drawback of 
conducting polymer electrodes. Generally, symmetric supercapacitor based on 
conducting polymer electrodes will have a lower cycle life than those based on carbon. 
This is due to the difference in the charge storage mechanisms of each. For carbon 
supercapacitors, charge storage only involves simple ion sorption and desorption. 
However, in conducting polymer electrodes, doping and undoping of anions or cations 
will cause a certain amount of volume change of the electrode [15]. This volume change 
or swelling was reported to cause mechanical failure of the electrode and gradually 
aggravates its conductive properties [15,23,24]. The present study demonstrates that 3D 
interdigital C-MEMS electrodes can be utilized as highly effective surface area current 
collectors for nanostructured PPy films. PPy/C-MEMS electrodes with various 
electropolymerization times were fabricated and the electrochemical performance of both 
single electrodes and full cells were tested. At 20 mVS-1 scan rate, the maximum 
capacitance per unit footprint area of 162.07±12.4 mFcm-2 was achieved for the 
electrodes polymerized for 15 min. 
These results show that utilizing 3D current collectors can increase the specific 
capacitance of the device in a limited footprint area. The C-MEMS technique provides a 
more facile rout to fabricated micron sized 3D structures for micro-supercapacitor as 
compared to other techniques such as micro-molding or DRIE.  Moreover, the 
electrochemical performance of PPy/C-MEMS micro-supercapacitor is improved 
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compared to PPy based micro-supercapacitor fabricated through other techniques [13,25]. 
Further improvement of micro-supercapacitor properties is possible by improving cell 
design to achieve denser arrays of the electrodes with a higher aspect ratio and thus 
increasing Aeff. 
 
Figure 4.8 (a) CV curves of a micro-supercapacitor with 15 min electropolymerization time at 
first and 1000th cycle (20 mVs-1 scan rate). (b) Cyclic performance of the device during 1000 CV 
cycles. 
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4.4 Conclusion 
A symmetric micro-supercapacitor with 3D electrode architecture was designed, 
fabricated and tested. The 3D carbon structure was fabricated using C-MEMS technique. 
PPy films were electrochemically deposited on these 3D structures. CV and galvanostatic 
charge/discharge methods were used to evaluate the performance of single micro 
electrodes and symmetric micro-supercapacitors. Single electrodes with a PPy 
polymerization time of 15 min can deliver footprint normalized specific capacitance of 
162.07±12.4 mFcm-2 and specific power of 1.62±0.12 mWcm-2 at a 20 mVs-1 scan rate. 
The symmetric micro-supercapacitor delivered specific capacitance of 78.35±5.67 mFcm-
2 at 20 mVs-1 scan rate. The increased performance of micro-supercapacitors has enabled 
them to compete with micro-batteries in a number of applications.  
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5. ELECTROSTATIC SPRAY DEPOSITION OF GRAPHENE 
NANOPLATELETS FOR HIGH POWER THIN FILM SUPERCAPACITOR 
ELECTRODES  
5.1 Introduction 
Electrochemical capacitors (ECs), also called supercapacitors or ultracapacitors, 
are energy storage devices with higher energy density than electrostatic or electrolytic 
capacitors and higher power density than batteries [1]. ECs offer a combination of 
characteristics such as high power density, long life cycle, wide working temperature 
range, and safety. These unique properties have made ECs an excellent choice for energy 
storage in applications such as portable electronics, uninterruptable power supplies, and 
automotive applications [2]. Based on the charge storage mechanism, ECs are of two 
types: Electric double layer capacitors (EDLCs) which store charge by adsorption of 
electrolyte ions on the surface of an electrode with high specific surface area. Different 
types of high surface area carbon materials are usually used as electrode materials for 
EDLCs. Pseudo-capacitors store charge by faradic reactions that takes place on the 
surface or sub-surface of the electrodes. Transition metal oxides and conducting polymers 
are examples of pseudo-capacitive materials [3]. Among all the desired properties of ECs, 
high power density, high frequency response and rate capability are very important for 
their future applications. These properties are particularly significant if the 
supercapacitors are to be used to provide the peak power in systems with batteries, fuel 
cells or energy harvesters as the primary energy source.  High frequency response is the 
most important property for supercapacitors if they were to replace electrolytic capacitors 
in applications such as filtering voltage ripples in line-powered electronics (ac line-
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filtering)[4]. Achieving a high frequency response and rate capability is dependent on the 
various constituents of a supercapacitor including the electrode materials, electrolyte, and 
the method of assembly of materials on the current collectors. 
Although pseudo-capacitive materials show promising energy density, the slow 
charge storage mechanism immensely impacts their power density and rate handling 
capabilities. On the other hand, EDLCs based on carbon materials show high power 
density and can be charged and charged in very short times [3,5,6]. Recently, single layer 
and multilayer graphene nano sheets have attracted much research interest as electrode 
materials for supercapacitors. The specific capacitance of graphene nanosheets in the 
range of 31-264 Fg-1 [7–10] depends on various factors including: preparation method, 
specific surface area, number of layers in the multilayer graphene, and the electrolyte, 
among others [7].  
In the processes of fabricating supercapacitor electrodes, the method of depositing active 
materials on current collectors is one of the vital factors that affect the performance of the 
supercapacitor. Currently two kinds of electrode fabrication methods have been reported 
to prepare graphene supercapacitor electrodes based on the presence or absence of a 
polymeric binder to attach the materials to the substrate. The use of polymeric binders 
has some drawbacks including increased resistivity and addition of dead weight to the 
electrode [11]. Previous research has demonstrated that binder-free electrodes show 
considerably improved performance especially with respect to power handling of 
supercapacitor electrodes [12]. 
It has been demonstrated that thin film graphene electrodes show exceptional 
power handling and frequency response [4]. This finding expands the potential 
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applications of supercapacitor as they signal the possibility of high power supercapacitors 
that can even replace electrolytic capacitors in certain applications. Miller et. al [4] 
reported on vertically oriented graphene grown on nickel foil by means of plasma-
enhanced chemical vapour deposition. The supercapacitor showed ac-line filtering 
capability at 120 Hz and a resistance capacitance (RC) time constant of 200 µs. However, 
the slow graphene growth rate and the use vacuum process equipment make this process 
very costly.  
Several methods have been reported to fabricate the binder-free electrodes of 
graphene nanosheets including the vacuum filtration method [13], chemical vapor 
deposition (CVD) [4], electrophoretic deposition (EPD)[14], and layer-by-layer (LBL) 
assembly[15]. Among these techniques CVD, LBL and EPD can be easily controlled to 
deposit a thin film of graphene. However, these methods are time consuming and costly 
for industrial production of electrodes. The future application of graphene as 
supercapacitor material depends on development of versatile and cost effective electrode 
fabrication methods.  
In this paper, a versatile and cost effective technique, electrostatic spray 
deposition (ESD), has been used to fabricate thin films of graphene. In this method, a 
liquid precursor solution feeding through a nozzle is atomized at the tip of the nozzle by 
applying high electric potential between the nozzle and a heated substrate [16–18]. The 
atomized solution lands on the substrate and upon evaporation of the solvent, a solid or 
porous film can be formed. The morphology and thickness of the deposited film can be 
controlled by adjusting the deposition parameters such as the flow rate, applied potential, 
substrate temperature, and the composition of the precursor solution [18]. Usually, the 
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precursor is a compound which can be decomposed to the desired material at a high 
temperature during deposition or calcination after the deposition. For instance ESD has 
been used to deposit thin films of metal oxides from metal salt solutions [16,17]. The 
material to be deposited such as CNT [19] can also be sprayed directly onto the substrate 
from a suspension of the material in an appropriate solvent. There are few reports in the 
literature on ESD deposition of graphene and graphene oxide [20,21]. It was shown that 
the combination of the small droplet size and rapid evaporation of the solvent upon 
reaching the preheated substrate avoids the concentration process that takes place upon 
slow solvent evaporation [21]. This results in reduced restacking graphene sheets during 
the position and thus provides higher accessibility of the electrodes.  
In this study, for the first time, we evaluate the performance of ESD deposited 
graphene film for supercapacitor application. A commercially available graphene 
nanoplatelet (GNP) with medium specific surface area was used as the electrode material. 
The ESD deposition results in uniform deposited film with an open pore structure. The 
electrochemical properties of the electrodes were evaluated by cyclic voltammetry (CV), 
galvanostatic charge-discharge (CD) and electrochemical impedance spectroscopy (EIS). 
The results show that while the electrodes have an acceptable specific capacitance 
relative to the medium specific surface area of the starting materials, they show excellent 
power handling ability and frequency response which is the result of the thin film and 
open pore structure of the electrodes.  
5.2 Experimental 
GNPs were commercially obtained from Cheaptubes Inc (Brattleboro, VT, USA). 
All other chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA). GNPs 
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have specific surface area of 600-750 m2g-1 and average platelet diameter of less than 2 
µm and were used without any purification. The experimental setup and details of the 
ESD process used in this work has been reported previously [22]. Figure 5.1a 
schematically shows the ESD set up. In a typical sample fabrication processes, 6 mg of 
GNP was added to 20 ml of 1,2-propanediol and sonicated for 30 min with an ultrasonic 
probe in an ice bath for 30 min to form a 0.3 mg/ml GNP solution. In the next step, the 
solution was fed to a stainless needle through a syringe pump at feeding rate of 0.5 or 3 
ml/h and a voltage of 4-5 kV was applied between the needle and stainless steel substrate 
which was placed on a hotplate and heated at 250°C. After the deposition, the thicknesses 
of the thin films were measured by using a profilometer. The deposition times were 
adjusted to reach film thicknesses of 1 and 6 µm. Figure 5.1b schematically shows the 
structure of deposited GNP films. Electron microscopy was carried out on a JEOL 7000 
field-emission scanning electron microscope (FE-SEM) and a TECNAI-F20 FEG 
transmission electron microscope (TEM). The electrochemical tests were carried out on a 
VMP3 multichannel potentiostatic (VMP3, Bio-Logic, USA). The electrochemical 
performance of the electrodes was studied in a three electrode cell using a Pt wire and 
Ag/AgCl electrode as counter and reference electrodes, respectively. A 1M Na2SO4 
solution was used as the electrolyte. The electrochemical impedance spectroscopy (EIS) 
measurements were conducted by applying an alternating voltage of 10 mV to electrode 
at its open circuit voltage from 100 kHz to 50 mHz.  
5.3 Results and Discussion 
Figures 5.2a and b present cross-section and top-view FE-SEM images of 
deposited GNP films. As shown in Figure 5.2b, GNPs interacted with each other to form 
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an open pore structure, through which electrolyte ions can diffuse and reach the surface 
of underlying GNPs [23]. Figure 5.2c shows a TEM image of as-deposited GNPs. It is 
evident that GNPs are corrugated and scrolled. This is a part of the intrinsic nature of 
graphene nanosheets, which results from the fact that the 2D membrane structure 
becomes thermodynamically stable via bending [24]. 
 
Figure 5.1 (a) Schematic drawing of ESD set-up that was used in this study. (b) Schematic 
drawing showing the deposited thin GNP film with open pore structure with easy accessibility of 
electrolyte ions.   
The as-prepared thin film GNP electrodes show a moderate specific capacitance 
with excellent high power handling. Figure 5.3a-d show the CV curves of 1 and 6 µm 
thick electrodes at different scan rates ranging from 0.1 to 20 Vs-1.  Both electrodes show 
capacitive properties at scan rates as high as 20 Vs-1. For the 1 µm thick electrode, the 
CV curves exhibit rectangular shapes for scan rates as high as 10 Vs-1 which shows 
excellent capacitive properties. At the very high scan rate of 20 Vs-1 the shape of CV 
deviates from the rectangular shape which indicated a more resistive behavior at this scan 
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rate. For the electrode with 6 µm thickness, the CV curves have an ideal rectangular 
shape at 0.1 and 1 Vs-1. However, at scan rates higher than 5 Vs-1 the shape of CVs 
indicate more resistive contribution of electrodes. At high scan rate of 20 Vs-1 the 
resistive behavior of the electrodes is dominant and electrodes show small specific 
capacitance. 
 
Figure 5.2 SEM image of the deposited GNP (6 µm thick) film (a) cross section view (b) top 
view. (c) TEM image of as received GNP. 
At a scan rate of 0.1 Vs-1 the specific capacitance of 1 µm thick electrode is about 
52 Fg-1. At this scan rate the specific capacitance of 6 µm thick electrode is about 49 Fg-1. 
This shows a medium specific capacitance compared to reported data for specific 
capacitance of graphene (36-264 Fg-1). However, it should be noted that the GNP that 
was used in this study has a medium surface area of 600-750 m2g-1 and consists of 
multilayers and its specific capacitance is reasonable when compared to the reported 
capacitance of multilayer graphene. It is also worth noting that in the process of making 
the graphene film electrodes no surfactant materials were used to disperse the graphene in 
the deposition solution. Recently, Brownson et al.[25], showed that the presence of 
surfactant could affect the specific capacitance of graphene electrodes. For instance, the 
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specific capacitance of about 148 Fg-1 for graphene dispersed in the processing solution 
with the help of surfactant, dropped to about 63 Fg-1 without using the surfactant[25].   
 
 
Figure 5.3 Cyclic voltammograms recorded in 1 M Na2SO4 (vs. Ag/AgCl) of GNP electrodes at 
various scan rates (a, b) 1 µm thick electrode (c, d) 6 µm thick electrode.  (e) Plot of normalized 
capacitance vs. scan rate for electrode with 1 and 6 µm thickness.  
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To investigate the rate capability of graphene film electrodes, the normalized 
specific capacitance of the films at scan rates between 0.01 to 20 Vs-1 were calculated and 
shown in Figure 5.3e. The drop in capacitance of the thinner electrode with respect to 
specific capacitance at 0.1 Vs-1 is only 20% at a high scan rate of 5 Vs-1. The drop in 
capacitance at a 5 Vs-1 scan rate is higher for the thicker electrode (38%) but is still lower 
than most of the reported thin film electrodes. For both electrodes the capacitance drops 
slowly with further increase in the scan rate, and at a very high scan rate of 20 Vs-1, 
around 53% of specific capacitance of electrodes with 1 µm thickness and 30% of 
specific capacitance of the electrodes with 6 µm thickness is retained.  These results show 
the excellent rate capability and power handling of graphene thin film electrodes. 
Moreover, it can be concluded that the thickness of the electrode has strong influence on 
the power handling ability and highlights the importance of thin film electrodes for 
applications that require high rate capability.  
The properties of the thin film electrodes were also studied by galvanostatic 
charge/discharge tests.  Figure 5.4a-d show charge/discharge curves of the electrodes at 
various current densities. At all current density the curves show triangle shapes indicating 
ideal capacitive behavior. The iR drop, the sudden voltage drop at the beginning of 
discharge curves, is very small for both types of electrodes at low discharge current 
densities of 1-10 Ag-1. At higher discharge current densities the iR drop increases, but is 
still relatively small. At discharge current density of 50 Ag-1 the iR drop for the electrode 
with 1 µm thickness is about 0.03 V and it increases to 0.09 V at higher discharge current 
density of 200 Ag-1. It should be noted that discharge current density of 200 Ag-1 is much 
higher than discharge rates that are usually used to test the supercapacitor electrodes 
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(between 0.1 to 10 Ag-1) [26]. Figure 5.4d presents the specific capacitance of the 
electrodes at various discharge current densities.  
 
Figure 5.4 Galvonstatic charge/discharge curves of GNP thin film electrode at various current 
densities (a, b) 1 µm thick electrode (c, d) 6 µm thick electrode. (e) Specific capacitances 
obtained from galvanostatic charge/discharge measurements at various current densities. 
At the low discharge rate of 1 Ag-1 the specific capacitance of the GNP films with 
1 and 6 µm thicknesses are about 55 and 53 Fg-1, respectively. For both electrode 
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thicknesses approximately 82% of the specific capacitance at the 1 Ag-1 discharge rate 
was achieved at very high discharge rate of 200 Ag-1. These results, in agreement with 
results obtained from cyclic voltammetry, confirm exceptional high rate handling ability 
of the GNP films fabricated through the ESD technique. The rate capability of GNP film 
electrodes is very similar to that of onion like carbon (OLC) which has lower specific 
capacitance compared to GNP (≤40 Fg-1) [11,12,27]. 
Further investigation of electrodes was performed using electrochemical 
impedance spectroscopy (EIS). For a more informative analysis of EIS results, we 
transformed the impedance data to the complex capacitance following the approach that 
is described by Taberna et al.[28]. In this approach, the real part (C') and the imaginary 
part (C") of the capacitance are both function of the frequency and can be extracted from 
impedance data according to the equations (5.1) and (5.2)[28,29]. 
22 )f(Zf
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where Z(f) is the complex impedance at frequency f, and Z'(f) and Z"(f) are real and 
imaginary part of the complex impedance, respectively.  
Figures 5.5a and b show the resulting graphs for the electrodes with 1 and 6 µm 
thickness, respectively. For the real part of the capacitance, an increase in capacitance is 
observed with a decrease in ac frequency and the capacitance value approaches to the 
value obtained from CV tests. 
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Figure 5.5 Plots of complex real (C') and imaginary (C") capacitance as a function of frequency 
for (a) electrode with 1 µm thickness (b) electrode with 6 µm thickness. (c) Plots of utilizable 
specific energy Vs. power density (Ragone plot) of the thin film GNP electrodes. 
For imaginary capacitance plots, a peak shape curve is obtained. The rate 
capability of the electrode can be characterized in the real capacitance plots by observing 
the frequency range where the capacitance increases. The rate capability can also be 
quantitatively evaluated from the frequency of capacitive peak in imaginary capacitance 
plots [30]. This characteristic frequency (f0) marks the point at which the phase angle of 
the impedance is -45° (resistive and capacitive impedance are equal) and the electrode is 
discharged at 50% efficiency [27,28]. The characteristic frequency was estimated to be 
around 28 and 17 Hz for the electrodes with 1 and 6 µm thicknesses, respectively. The 
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corresponding time constants т0 (т0=1/f0) were about 36 and 59 ms, respectively. For 
comparison, it is worth noting that many of reported supercapacitor electrodes with high 
rate capability have much higher time constants. For instance, the calculated time 
constant in aqueous electrolyte is 700 ms for MCNT [27], 1.1 s for OLC [27], and 379 ms 
for carbide derived carbon (CDC) nano-felts [11]. There are some reports in the literature 
about supercapacitor devices with lower time constants. A 7 µm thick film of OLC 
arranged in interdigital micro-supercapacitor device showed a 26 ms time constant [12]. 
However, OLCs have lower specific capacitance compared to GNPs that are used here 
(<40 Fg-1). To the best of our knowledge the highest rate capability that has been reported 
so far is for that of supercapacitor with 0.6 µm thick vertically oriented graphene sheets 
that could achieve a time constant of 200 µs at a high frequency of 120 Hz. At this 
frequency the capacitance of a device with 2 cm2 surface area was 175 µF, making the 
capacitance of a single electrode about 359 µF (normalized capacitance of 175 µFcm-2). 
It is worth noting that at higher frequencies of 125 Hz the supercapacitor electrodes 
reported in this study show a normalized capacitance of 850 and 2000 µFcm-2 for the film 
thickness of 1 and 6 µm, respectively. A combination of binder-free deposition technique, 
thin film configurations of GNPs with an open pore structure, and high conductivity of 
GNPs are responsible for the observed high power handling ability of the electrodes. A 
Ragone plot calculated from CV results (Fig. 5c) reveals that the 1 µm thick electrode 
shows a specific energy of 3.66 Whkg-1 at 188.50 Wkg-1 specific power. The specific 
energy slowly decreases as specific power increases and at very high specific power of 
200.90 kWkg-1, the specific energy of 1.95 Whkg-1 was achieved. 
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5.4 Conclusions 
In summary, for the first time we have utilized the ESD technique to fabricate binder-
free thin films of GNP for supercapacitor application. A commercially available 
multilayer GNP was selected to demonstrate the fabrication technique. The electrodes 
show excellent high rate handling ability as it was shown by various electrochemical 
testing techniques. Electrodes with 1 µm thickness show a much better rate handling 
ability compared to electrodes with 6 µm, highlighting the effect of electrode thickness 
on the power performance of supercapacitors. At the low discharge rate of 1 Ag-1 the 
specific capacitance of the GNP films with 1 and 6 µm thicknesses are about 55 and 53 
Fg-1, respectively.  The specific capacitance of the electrodes is lower than that of the 
high quality lab produced single layer graphene. We anticipate that by using graphene 
materials with higher surface area and optimizing the depositions conditions higher 
specific capacitance is feasible. Nonetheless, the GNP electrodes studied here are an 
excellent candidate for the applications that require high power and moderate energy 
density. EIS experiments indicate excellent frequency response of the electrodes and the 
low RC time constants of 36 and 59 ms was recorded for electrodes with 1 and 6 µm 
thickness, respectively. Additionally, the demonstrated fabrication process (ESD) is a 
low-cost technique that could potentially be employed to fabricate thin film electrodes of 
various kinds of graphene and its composites. 
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6. MICRO-SUPERCAPACITORS BASED ON INTERDIGITAL ELECTRODES 
OF REDUCED GRAPHENE OXIDE AND CNT COMPOSITES  
6.1 Introduction 
Recent development in miniaturized electronic devices has increased the demand 
for power sources that are sufficiently compact and can potentially be integrated on a 
chip with other electronic components. Miniaturized electrochemical capacitors (EC) or 
micro-supercapacitors have great potential to complement or replace batteries and 
electrolytic capacitors in a variety of applications [1–10]. Among all the desired 
properties of a micro-supercapacitor device, high power density and more importantly 
high frequency response and rate capability are crucial for their future applications. These 
properties are particularly important if the micro-supercapacitors were to be coupled with 
micro-batteries, micro-fuel cells, and energy harvesters to provide  peak power; or if they 
were to replace electrolytic capacitors in applications such as filtering voltage ripples in 
line-powered electronics (ac line-filtering) [11]. Achieving a high frequency response and 
rate capability is dependent on the various constituents of a supercapacitor including the 
electrode materials, electrolyte, the method of assembly of materials on the current 
collectors, and the architecture of the device. 
ECs are categorized into two types based on their energy storage mechanism, 
electrical double-layer capacitors (EDLCs) and pseudo-capacitors. EDLCs store charge 
by adsorption of electrolyte ions on the surface of an electrode with high specific surface 
area. Different types of high surface area carbon materials are usually used as electrode 
materials for EDLCs. Pseudo-capacitors store charge by faradic reactions that takes place 
on the surface or sub-surface of the electrodes. Metal oxides such as Manganese oxide [2] 
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and conducting polymers such as Polypyrrole (PPy)[3] and Polyaniline (PANI) [4] are 
widely reported as pseudo-capacitive materials. Although pseudo-capacitive materials 
show promising volumetric capacitance, the slow charge storage mechanism immensely 
impacts their frequency response and rate handling capabilities. Carbon nanomaterial 
such as, activated carbon (AC) [5] carbide derived carbon (CDC) [6,7], onion-like carbon 
(OLC) [8], carbon nanotube (CNT) [9], and graphene [10] have been used to fabricate 
EDLC micro-supercapacitors. Micro-supercapacitors based on AC show medium stack 
capacitance, however due to the use of polymeric binders and limited ion transfer in the 
porous network of the electrode materials, AC micro-supercapacitors show relatively 
poor frequency response [5]. The CDC based micro-supercapacitors show high 
volumetric capacitance at low scan rates (about 180 Fcm-3 volumetric capacitance of one 
electrode at 20 mVs-1), however the capacitance drops to almost half of its initial value by 
increasing the scan rate to 500 mVs-1, suggesting the poor rate handling capability of 
these micro-supercapacitors [7]. Among all the reported EDLC micro-supercapacitors, 
those based on OLCs are particularly notable as they offer ultra-high power handling 
capability with a resistance capacitance (RC) time constant of only 26 ms [8]. The 
combination of micrometer-sized interdigital electrode design with a binder free 
deposition technique and the non-porous morphology of OLC materials was responsible 
for the excellent frequency response of OLC based micro-supercapacitors. The drawback 
of OLC based micro-supercapacitors is their modest specific capacitance (1.7 mFcm-2) 
and their high temperature processing requirements (~1800 °C) [8].  
Graphene has recently become a material of interest in supercapacitor application 
due to its high theoretical surface area and electrical conductivity [11–14]. Miller and 
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coworkers [11] demonstrated that vertically oriented graphene grown on nickel foam has 
excellent frequency response with an RC time constant of less than 0.2 ms.  However, 
this was achieved at the cost of low specific capacitance resulting from the low density of 
electrode materials [11]. The performance of graphene-based supercapacitor materials is 
usually hindered by the fact that graphene sheets tend to aggregate and restack during 
processing and the actual accessible surface area of the electrodes is much lower 
compared to the theoretical surface area (more than 2600 m2g-1). One of the effective 
strategies to avoid this problem is the addition of spacers such as carbon nanotubes 
(CNTs) between graphene sheets to prevent their restacking [15–17]. Another interesting 
approach to increase the accessibility of electrolyte ions to graphene sheets is the 
approach reported by Yoo and coworkers [18] where the in-plane design of the two 
supercapacitor electrodes resulted in a dramatic increase in capacitance compared to the 
conventional 2D stacking of the electrodes. The authors suggested that the in-plane 
design will increase the accessibility of ions to the surface of the graphene sheets and 
thus improve the capacitive properties [18]. It can be anticipated that the efficiency of the 
in-plane design of the electrode can be increased if the electrodes were made in micro-
meter scale sizes. There have been some efforts to utilize graphene as electrode material 
for micro-supercapacitors. Gao et al. [10] reported a direct write process to fabricate 
micro-supercapacitors with interdigital electrode design and hydrated graphene oxide 
(GO) as the electrolyte and separator. While the fabrication method is promising, the 
electrodes demonstrated in this work was fabricated in millimeter scales with the 
maximum capacitance of only 0.51 mFcm-2 for an in-plane design of electrodes. It 
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remains a challenge to develop micron-size patterned graphene electrodes through a 
scalable and reliable fabrication method. 
In this work we report on ultra-high power micro-supercapacitors based on 
binder-free reduced graphene oxide (rGO) and rGO/CNT hybrid as electrode materials. 
The micro-supercapacitors with interdigital microelectrodes (100 µm width and 50 µm 
spacing) are readily fabricated through the combination of electrostatic spray deposition 
(ESD) and photolithography lift-off. We first demonstrate that ESD can be used for 
simultaneous deposition and reduction of GO. Next, in order to maximize the 
accessibility of electrolyte ions to electrode materials, we demonstrate the effects of the 
addition of CNTs between rGO sheets when integrated in micron-sized in-plane 
electrodes. The electrochemical properties of micro-supercapacitors were examined by 
cyclic voltammetry (CV), galvanostatic charge-discharge (CD), and electrochemical 
impedance spectroscopy (EIS). The micro-supercapacitors show exceptionally high rate 
capability and power handling performance and can be charged and discharged at CV 
scan rate of 50 Vs-1 and CD rate of 100 mAcm-2 (~450-600 Ag-1). These rates are about 
three orders of magnitude higher than the charge and discharge rates of conventional 
supercapacitors. EIS measurements show very high frequency response of the micro-
supercapacitors with characteristic frequencies as high as 290.76 Hz, higher than the 
recently reported state of the art micro-supercapacitors. 
6.2 Experimental Section 
Preparation of interdigital microelectrodes and removable mask  
First, a Ti (20 nm) /Au (300 nm) layer was formed on a Si/ (500 nm) SiO2 by an 
electron-beam evaporation system. The interdigital current collectors were made by 
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conventional photolithography and wet etching of the Ti/Au layer. To avoid deposition of 
materials in the space between the microelectrodes and on the contact pads, a removable 
mask was made on the samples by photolithography. The mask had two layers, a thin 
(~20 nm) Omnicoat sacrificial bottom layer and a thick (~12 µm) SU-8 (Microchem, 
USA) top layer. First, the Omnicoat was spin coated on the substrate and was baked at 
200 °C for 60s. Then the SU-8 layer was spin coated, and then baked for 180s at 65°C 
and 300s at 95°C. The mask was patterned by photolithography with an OAI 800 mask 
aligner (OAI, USA) to uncover the microelectrodes. The excess Omnicoat on the 
uncovered parts of micro-electrodes was removed by oxygen plasma treatment at 200 
mTorr with a power of 100 W for 30s.    
Preparation of precursor solutions 
Single layer GO (6 mg, 0.7-1.2 nm thickness and 300-800 nm dimension, 
Cheaptubes, Inc., USA) was added to 1,2-propanediol (20 ml, sigma –Aldrich, USA) and 
dispersed by sonication for 30 min with an ultrasonic probe (750 W, 20 KHz, Sonics and 
materials Inc., USA) to form a 0.3 mgml-1 GO solution. This solution was directly used in 
ESD deposition of rGO samples. In the case of GO-CNT solutions, appropriate amounts 
of COOH-functionalized multiwalled CNT (8-15 nm diameter and 10-50 µm length 
Cheaptubes, Inc, USA) was added to the above solution to form solutions with GO:CNT 
ratios of 9:1 and 8:2, respectively. 
Electrostatic Spray deposition 
All the samples were deposited by the ESD for 2 h on the masked Ti/Au 
interdigital microelectrodes. The samples were preheated to 250°C before the deposition. 
The prepared precursor solutions were fed to a stainless steel needle using a syringe 
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pump at the rate of 4-5 mlh-1. The distance between the needle and the substrate was kept 
at 4 cm. The solution was sprayed onto the substrate by applying a voltage of 6-7 kV to 
the needle. After the deposition, the samples were soaked in remover PG (Microchem, 
USA) to remove the SU8 mask by etching the Omnicoat sacrificial layer. 
Characterization of samples 
The morphologies of as prepared samples were investigated using a JEOL 7000 
field-emission scanning electron microscope (FE-SEM, JEOL, Japan).  In order to study 
the reduction of GO during deposition, FTIR (JASCO FT/IR 4100 spectrometer) was 
used to analyze the oxygen functionalities of the sample GO before and after deposition. 
XPS (Physical Electronics 5400 ESCA) was used to quantitatively analyze the chemical 
compositions of GO and the resulting rGO after the deposition. 
Electrochemical testing 
After the fabrication of the micro-supercapacitors, the contact pads of each 
microdevice was connected to aluminum foil using silver paste. Then the microdevices 
were placed in a homemade Teflon cell with sealed cavity for the electrolyte. After filling 
the cavity of the cell with 3 M KCL electrolyte, electrochemical studies were performed 
using a VMP3 multichannel potentiostat (VMP3, Bio-Logic, USA) in the two-electrode 
mode and at room temperature. CVs were performed at scan rates ranging from 0.01 to 
50 Vs-1 in a potential range from 0 to 1 V. CD measurements were carried out in the same 
potential window and with current densities ranging from 3 to 100 mAcm-2. EIS 
measurements were performed at open circuit voltage (OCV) by applying a sinusoidal 
signal of 10 mV amplitude at frequencies ranging from 100 kHz to 50 mHz. The 
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calculation of specific capacitance and energy and power densities from the above tests 
are described in the supporting information. 
6.3 Results and Discussions 
A homogeneous and stable solution of GO in 1,2 propanediol was used as the 
precursor solution for ESD deposition of GO on preheated (250°C) substrates. The 
studies of the surface chemistry of deposited films with Fourier Transform Infrared 
Spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS) show that the GO 
reduced to rGO during the deposition. The FTIR Spectra of GO before and after 
deposition are shown in Figure 6.1. The broad adsorption peak centering at around 3300 
cm-1 in the spectrum of GO is assigned as isolated hydroxyl groups and water, which also 
signals an H-O-H bending at 1635 cm-1 [19,20].  The peak at 1054 cm-1 is consistent with 
C-O stretching vibration. The presence of phenol and carboxylic acid groups was 
signaled by the phenolic C-O peak at 1222 cm-1 and the mode at 1726 cm-1 which is 
assigned to C=O stretching vibrations from carbonyl and carboxylic groups. Based on the 
structural model of GO, these groups are placed on the periphery of GO sheets [20,21]. 
The spectrum also shows the presence of epoxy C-O (970 cm-1) and O-H bending in 
tertiary alcohol (1361 cm-1) groups which are reported to be located on the basal plane of 
GO [20,21]. After the deposition, the intensities of modes from water and oxygen 
functionalities were significantly reduced. The FTIR spectrum of deposited rGO shows 
mainly bands originating from C-O stretching, phenolic C-O stretching and C=O 
stretching while the signals from tertiary alcohol and epoxy C-O on the basal plane of 
GO disappeared after deposition. The FTIR analysis suggests that the remaining oxygen 
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groups after reduction are the functional groups that are mainly attached to the periphery 
of rGO sheets [20,21]. 
 
Figure 6.1 FTIR absorbance spectra of (a) as-purchased GO powder and (b) ESD deposited rGO. 
The surface chemistry of GO and the as-deposited rGO were studied by X-ray 
photoelectron spectroscopy (XPS). The XPS spectra of GO and rGO are shown in Figure 
6.2 a and b. The O1s peak intensity has decreased for deposited rGO and the overall C/O 
ratio has increased to 5.75 compared to 1.77 for the GO powder. This seemingly 
mediocre increase in C/O ratio represents a large decrease in oxygen content (~70%) on 
the surface rGO sheets. The C1s spectrum of GO can be deconvoluted to four 
components corresponding to four types of carbon bonds within GO. The peaks centered 
at 284.6, 286.6, 288.1 and 289.7 eV, correspond to C-C in aromatic rings, C-O (epoxy 
and alkoxy), C=O (carbonyl and carboxylic) and COOH groups, respectively [19,20,22]. 
The C1s spectrum of rGO shows all these four peaks with different proportions. The 
proportion of C-C bond has increased from 50% for GO to about 61% for deposited rGO.  
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Figure 6.2 Wide-range XPS spectra of (a) GO and (b) rGO. The C1s spectra were deconvoluted 
into their corresponding components using a Gaussian function for (c) GO and (d) rGO. 
The proportion of the peak corresponding to C-O groups (286.6 eV) has 
decreased after the deposition. The proportion of C-O groups is 32% for GO and about 
19% for the rGO. The remaining C-O groups should correspond to peripheral phenolic 
and carboxyl functionalities. The proportion of the C=O groups shows a slight decrease 
after deposition, from 15% for GO to 12 % for rGO.  In addition to these four peaks, a π-
π* shake up satellite peak was observed for rGO at around 291.4 eV. This is a 
characteristic of aromatic or conjugated systems which indicates that there are less 
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defects in the structure of rGO after the deposition [22,23]. The XPS results confirm the 
FTIR results and show the reduction of GO after the ESD deposition. This is in 
agreement with previous studies regarding the reduction of GO at low temperatures (150-
250°C) in air or in organic solvents [19,24]. The remaining oxygen content after the 
reduction should correspond to phenolic, carbonyl, and carboxyl groups in the periphery 
of deposited rGO sheets [20]. 
Figure 6.3a schematically shows the procedure used to integrate electrode 
materials on interdigital Ti/Au microelectrodes to fabricate micro-supercapacitors. Before 
the ESD deposition, the working area of the microelectrodes was defined by a removable 
microfabricated photoresist mask that covers the contact pads and the space between the 
microelectrodes. After the deposition and removal of the mask, a micro-supercapacitor 
with 20 in-plane interdigital microelectrodes (10 positive and 10 negative 
microelectrodes) was constructed. Each microelectrode was 100 µm in width and 2500 
µm in length and the distance between adjacent microelectrodes were 50 µm. The 
samples labeled as rGO and CNT were fabricated from the deposition solution containing 
100% GO and 100% CNT, respectively. The samples labeled as rGO-CNT-9-1 and rGO-
CNT-8-2 had GO:CNT weight ratios of 9:1 and 8:2, respectively. The thicknesses of all 
electrodes were kept around 6 µm by adjusting the deposition rate for each type of 
electrode materials. Figures 6.3b and c show the scanning electron microscopy (SEM) 
micrographs of a typical fabricated micro-supercapacitor. The microelectrodes had well-
defined and defect-free patterns and no short circuit between the electrodes was detected.  
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Figure 6.3 (a) Schematic drawing of fabrication procedures of micro-supercapacitors (inset shows 
a digital photograph of a fabricated device). (b) and (c) top view SEM micrographs of rGO-CNT 
based interdigital microelectrode arrays.  
The microstructure of deposited rGO microelectrodes (Figure 4a) showed stacked layers 
of graphene sheets with micron-sized wrinkles that are probably the result of GO sheets 
bending during the deposition. Figure 6.4b, a tilted view from the side of an interdigital 
electrode, shows the local folding and non-uniform stacking of the rGO layers. Several to 
hundreds of stacked graphene sheets can be observed locally with extended irregular 
porous structures, which could act as diffusion channels and facilitate easy penetration of 
ions in the bulk of the microelectrodes. However, heavily stacked rGO sheets could 
prevent the full access of electrolyte ions to the surface rGO sheets.  Figures 6.4c to f 
show the SEM images of rGO-CNT hybrid electrodes. The tilted view SEM images 
clearly show uniformly packed film with the appearance of CNTs between the rGO 
sheets throughout the thickness of deposited films with almost no sign of stacked rGO 
sheets. 
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Figure 6.4 Scanning electron micrographs showing the morphology of the deposited electrodes: 
Top view and tilted 35° view of (a) and (b) rGO micro-electrodes, (c) and (d) rGO-CNT-9-1 
micro-electrodes, and (e) and (f) rGO-CNT-8-2 microelectrodes. 
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In order to study the electrochemical performance of fabricated micro-
supercapacitors, CV was conducted in 3 M KCl aqueous electrolyte and at the potential 
range of 0 to 1V. During the initial CV cycles of the rGO micro-supercapacitor at a 0.1 
Vs-1 scan rate, the CV current during cycling constantly increased up to 200 cycles, with 
the average current density increasing by more than 7 times compared to the first cycle 
(Figure 6.5a). After about 200 cycles the rate of the increase in average current dropped 
and for the following cycles up to the 1000th cycle, an increase of less than 5% in current 
density was noted (Figures 6.5a and b). A similar phenomenon has been reported by 
Cheng et al. during long time cycling of graphene electrodes and was referred to as 
“electro-activation” [15]. The authors detected a 60% increase in specific capacitance of 
pristine graphene electrodes during longtime cycling. It was suggested that the 
intercalation of electrolyte ions between the graphene sheets increases the spacing 
between the sheets and therefore increases the accessibility of ions to the surface of 
graphene. It should be noted that the effect of electro-activation is much more 
pronounced in the case of the interdigital rGO electrodes compared to the planar 
electrodes reported by Cheng and coworkers [15]. In general, the in-plane design of the 
graphene electrodes increases the accessibility of ions in between graphene electrodes 
[18]. In the case of rGO micro-supercapacitors, in addition to the side by side design of 
the electrodes, the smaller size of the electrode and the shorter distance between them 
further facilitate the accessibility of ions to the graphene sheets, resulting in a more 
efficient electro-activation. In contrast to the rGO microdevice, the average CV current 
density of rGO-CNT micro-supercapacitors did not increase during the cyclic test for 
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1000 cycles showing that the electro-activation did not occur in the case of these 
microdevices (Figure 6.5b). 
 
Figure 6.5 (a) CV curves at various cycles of a rGO micro-supercapacitors tested at 0.1 Vs-1 scan 
rate. (b) Variation of average CV current density with cycle number for rGO, rGO-CNT-9-1 and 
rGO-CNT-8-2.   
This observation leads us to conclude that the addition of CNTs had effectively 
prevented the restacking of rGO sheets and thus the intercalation of ions during cycling 
could not further increase the spacing between the rGO sheets. Furthermore, the 
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microdevices with hybrid rGO-CNT electrodes show higher CV current density, 
implying that compared to electro-activation, using CNTs as a spacer between graphene 
sheets is a more effective way to increase the accessible surface area of the electrodes. 
Figure 6.6 schematically shows the two mechanism of increase in accessibility of 
electrodes to the electrolyte ions that were explained above. 
 
Figure 6.6 Schematic drawing showing the two mechanisms of increasing the ion accessibility of 
electrodes. 
The rate capability and power handling of the micro-supercapacitors was tested 
by CV at very high scan rates (1 to 50 Vs-1). Before performing the tests at higher scan 
rates, each microdevice was cycled for 250 cycles at 0.1 Vs-1 to ensure that the CVs were 
stable and in the case of the rGO microdevices the electro-activation was completed. 
Figures 6.7 to 6.11 show the CV curves of rGO, rGO-CNT-9-1 and rGO-CNT-8-2 
microdevices at different scan rates. The rGO micro-supercapacitor showed near 
rectangular CV curves, which is typical of EDLCs, at scan rates of 1 and 5 Vs-1. Upon 
increasing the scan rate to 10 Vs-1, the CV curve deviated from a rectangular shape which 
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indicates a more resistive behavior. At much higher scan rates of 25 and 50 Vs-1, the rGO 
microdevice still showed some capacitive behavior, but the resistive behavior was 
dominant and the capacitance dropped quickly at these scan rates. In the case of 
microdevices with rGO-CNT electrodes, the CV curve showed a rectangular shape with 
pure capacitive behavior even at a very high scan rate of 50 Vs-1. The stack capacitance 
(volumetric capacitance) of the micro-supercapacitors were calculated from the CV 
curves at various scan rates and by taking into account the volume of both electrodes and 
the space between them (Figure 6.12). As suggested by Gogotsi and Simon [25], the 
volumetric or areal capacitance or energy density are much more reliable performance 
metrics for supercapacitor devices compared to gravimetric capacitance. This is more 
pronounced in the case of microdevices as the weight of the material of a thin film 
electrode on a chip is negligible [25]. 
 
Figure 6.7 CV curves of rGO, rGO-CNT-9-1 and rGO-CNT-8-2 micro-supercapacitors at 1 Vs-1 
scan rate. 
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Figure 6.8 CV curves of rGO, rGO-CNT-9-1 and rGO-CNT-8-2 micro-supercapacitors at 5 Vs-1 
scan rate. 
 
Figure 6.9 CV curves of rGO, rGO-CNT-9-1 and rGO-CNT-8-2 micro-supercapacitors at 10 Vs-1 
scan rate. 
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Figure 6.10 CV curves of rGO, rGO-CNT-9-1 and rGO-CNT-8-2 micro-supercapacitors at  25 
Vs-1 scan rate. 
 
Figure 6.11 CV curves of rGO, rGO-CNT-9-1 and rGO-CNT-8-2 micro-supercapacitors at  50 
Vs-1 scan rate. 
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Figure 6.12 Comparison of stack capacitances of micro-supercapacitors with different electrode 
compositions. 
As it is evident from Figure 6.12, all micro-supercapacitors with different 
compositions showed capacitive behavior even at a very high scan rate of 50 Vs-1. 
However, the rGO-CNT micro-supercapacitors showed better performance in terms of 
capacitance and rate capability. The rGO micro-supercapacitor showed a stack 
capacitance of about 4.4 Fcm-3 (~27.2 Fcm-3 volumetric capacitance of one electrode) at a 
scan rate of 0.01 Vs-1 which dropped to 3.2 Fcm-3 at a 1 Vs-1 scan rate. At a higher scan 
rate of 50 Vs-1, the stack capacitance decreased to 0.7 Fcm-3 (~4.4 Fcm-3 volumetric 
capacitance of one electrode). This value at a 50 Vs-1 scan rate is about 16% of the initial 
stack capacitance recorded at a 0.01 Vs-1 scan rate. The rGO-CNT-9-1 micro-
supercapacitor showed the highest stack capacitance at all CV scan rates. At the low scan 
rate of 0.01 Vs-1, the stack capacitance was about 6.1 Fcm-3 which is equivalent to 37.5 
Fcm-3 volumetric capacitance of one electrode. When the scan rate was increased to 1 Vs-
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1 the stack capacitance dropped to about 5.0 Fcm-3. At the scan rate of 50 Vs-1 the stack 
capacitance was about 3.1 Fcm-3 which is 50% of its value at the 0.01 Vs-1 scan rate and 
62% percent of its value at the 1 Vs-1 scan rate. The rGO-CNT-8-2 micro-supercapacitor 
showed a stack capacitance of about 2.4 Fcm-3 at a scan rate of 50 Vs-1 which is 46% of 
the capacitance at a 0.01 Vs-1 scan rate (5.2 Fcm-3) and 70% of the capacitance at the scan 
rate of 1 Vs-1 (3.4 Fcm-3). The lower capacitance of rGO-CNT-8-2 micro-supercapacitors 
could be explained by the effect of additional CNT which has lower capacitance 
compared to rGO sheets (Figure 6.12). However, the lower drop in stack capacitance of 
rGO-CNT-8-2 micro-supercapacitors (30%) compared to the rGO-CNT-9-1 micro-
supercapacitor (38%) upon increasing the scan rate from 1 to 50 Vs-1 indicates that 
additional CNT has improved the rate capability of the microdevice. The micro-
supercapacitor based on 100% CNT shows much lower capacitance compared to rGO 
and rGO-CNT micro-supercapacitors at all scan rates (Figure 6.12). The areal specific 
capacitance of the rGO-CNT-9-1 microdevice (calculated by taking into account the total 
area of both electrodes) is about 2.8 mFcm-2 at a 50 Vs-1 scan rate. The significance of the 
electrochemical properties of the rGO-CNT micro-supercapacitors can be further 
revealed when they are compared to the performance of other reported micro-
supercapacitors. Even at a high scan rate of 50 Vs-1 the rGO-CNT micro-supercapacitors 
showed higher specific capacitance compared to the majority of reported EDLC micro-
supercapacitors (specific capacitance of 0.4-2 mFcm-2 at very low CV scan rates of 0.01 
to 0.1 Vs-1) [5,9,10,26]. Some other reported EDLC micro-supercapacitors such as 
graphene-cellulose paper supercapacitors and CDC micro-supercapacitors show higher 
specific capacitance but poor rate capability and frequency response [7,27]. Finally, the 
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high power OLC based micro-supercapacitors reported by Pech et al.[8] shows similar 
high rate capability but has lower capacitance compared to rGO-CNT micro-
supercapacitors. For instance, a stack capacitance of about 0.9 Fcm-3 was measured at a 
50 Vs-1 scan rate for OLC based micro-supercapacitors. The electrochemical performance 
of micro-supercapacitors was further studied by CD at different current densities and EIS. 
The CD curves showed triangular shapes, typical of EDLC supercapacitors, with a very 
low iR drop even at a very high current density of 60 mAcm-2 (Figure 6.13a). The iR 
drop, the sudden voltage drop at the beginning of the CD discharge, is a measure of the 
overall resistance of the cell and since its value is proportional to discharge current, the 
small iR drop of the micro-supercapacitors at a high discharge current indicates a very 
low cell resistance for all the tested micro-supercapacitors. 
The iR drop slightly decreased with an increase in the amount of CNTs in the 
electrodes and its value was 0.024, 0.013 and 0.010 V for rGO, rGO-CNT-9-1, and rGO-
CNT-8-2 micro-supercapacitors, respectively. The areal specific capacitances of the 
micro-supercapacitors were calculated from CD curves at different discharge current 
densities and are shown in Figure 6.13b. The results from CD experiments were in good 
agreement with the CV results in terms of specific capacitance and rate handling of 
micro-supercapacitors. The highest specific capacitances at all discharge currents were 
achieved for the rGO-CNT-9-1 micro-supercapacitor with a specific capacitance of 5.1 
mFcm-2  at a 3 mAcm-2 discharge current density  which dropped only by about 30% at a 
very high current density of 100 mAcm-2 (3.6 mFcm-2). In comparison, the rGO-CNT-8-2 
micro-supercapacitor showed a lower specific capacitance (3.4 mFcm-2 at 3 mAcm-2 
current density), but slightly improved rate handling as its specific capacitance dropped 
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by 26% upon increasing the discharge current to 100 mAcm-2. Based on our estimation of 
the weight of the electrode materials for each micro-supercapacitor (~4.5-6.2 µg), a 
discharge areal current density of 100 mAcm-2 approximately corresponds to gravimetric 
current density in the range of 450 to 600 Ag-1, which is more than two orders of 
magnitude higher than the discharge current densities that are usually used in testing 
supercapacitors [28].   
 
Figure 6.13 (a) Charge-discharge curves of micro-supercapacitors based on rGO, rGO-CNT-9-1 
and rGO-CNT-8-2 electrodes. (b) Specific capacitances of micro-supercapacitor at different 
discharge current densities. (c) Nyquist plots of different micro-supercapacitors (inset shows the 
Nyquist plots at higher frequencies). (d) Phase angle vs. frequency for different micro-
supercapacitor. 
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The frequency response of the micro-supercapacitors was studied by EIS. The 
Nyquist plots of the micro-supercapacitors show typical features of EDCL 
supercapacitors (Figure 6.13c). For an ideal EDLC the low-frequency region of the 
Nyquist plot is a straight line. The more vertical the line, the more closely the 
supercapacitor behaves as an ideal capacitor [12,13,29]. The low-frequency regions of 
Nyquist plots of rGO-CNT hybrid devices show straight lines with an almost 90° angle. 
The slope of 45° segment of a Nyquist plot is called the Warburg resistance and is a 
result of frequency dependence of diffusion of the electrolyte ions into the bulk of the 
electrode [12,13]. The much shorter Warburg regions of plots for rGO-CNT micro-
supercapacitors show the better diffusion of ions into the bulk of electrodes compared to 
the rGO micro-supercapacitors. Furthermore, the rGO-CNT microdevices show lower 
equivalent series resistance (ESR) compared to the rGO microdevice (ESR can be 
calculated from the X-intercepts of Nyquist plots). 
For a more informative analysis of EIS tests, the dependence of phase angle with 
frequency of the microdevices was plotted in Figure 6.13d. The rGO micro-
supercapacitor showed frequency independent phase angles close to -90° for frequencies 
up to 2 Hz after which the phase angle increased with the increase in frequency. 
However, the rGO-CNT micro-supercapacitors showed frequency independent phase 
angle even at frequencies as high as 20 Hz. A better comparison of the frequency 
response of the microdevices can be made by comparing their characteristic frequency 
(f0) which is the frequency at a phase angle of -45° or its corresponding relaxation time 
constant (τ0=1/f0). The characteristic frequency marks the point at which the resistive and 
capacitive impedance are equal and at frequencies higher than f0 supercapacitor shows a 
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more resistive behavior [29,30]. The corresponding relaxation time constant (τ0) is the 
minimum time needed to discharge all the energy from the device with an efficiency of 
greater than 50% [8,29]. The rGO-CNT-8-2 micro-supercapacitor showed the best 
frequency response with the characteristic frequency of about 290.7 Hz and time constant 
of 3.4 ms. The rGO-CNT-9-1 micro-supercapacitor showed a slightly lower time constant 
of about 4.8 ms (f0~208.6 Hz). In contrast, the time constant of rGO micro-supercapacitor 
was about 33 ms. To the best of our knowledge, so far, the best frequency response for a 
micro-supercapacitor was reported by Pech et al.[8] for OLC micro-supercapacitor tested 
in 1M Et4NBF4/anhydrous propylene carbonate electrolyte. The OLC micro-
supercapacitor, however, showed a time constant of 26 ms and a modest specific 
capacitance of 1.7 mFcm-2 at a CV scan rate of 1 Vs-1, which are both improved in case 
of our micro-supercapacitors.  
 
Figure 6.14 Ragone plot showing the relationship of specific energy and the specific power of 
micro-supercapacitors. 
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The volumetric energy and power density of micro-supercapacitors were 
calculated from CVs at a scan rate of 1 to 50 Vs-1 and shown in a Ragone plot (Figure 
6.14). It is evident that the drop in energy density with increasing power density is very 
small in the case of rGO-CNT micro-supercapacitors. The highest energy density (~0.67 
mWhcm-3) and the highest volumetric power density (~75 Wcm-3) were both achieved for 
the rGO-CNT-9-1 microdevices.  
The high specific capacitance, exceptional rate capability and high frequency 
response of the rGO-CNT micro-supercapacitors can be explained by the synergic effects 
of electrode materials, method of electrode assembly and structural design of micro-
supercapacitors. First, using CNT as a nano spacer inhibits the agglomeration and 
restacking of graphene sheet, thus providing a highly accessible surface area for the 
microelectrodes. Second, the binder-free deposition based on the ESD technique plays a 
role in high power handling of the micro-supercapacitors. It is well known that the 
addition of polymeric binders that are typically used in the fabrication of the electrodes 
hinders their performance by increasing resistivity and the addition of dead weight 
[11,30]. Third, another important factor affecting the high power capability of our micro-
supercapacitors is the interdigital design of the electrodes. The small distance between 
the microelectrodes could minimize the electrolyte resistance by reducing the mean ionic 
diffusion pathway between the microelectrodes. Finally, the small size of the electrodes 
along with their side by side in-plane design facilitates the diffusion of electrolyte ions 
between the rGO sheets and in the entire thickness of the electrodes. The rGO-CNT 
micro-supercapacitors are able to satisfy the power needs of certain miniaturized 
electronic devices. For instance, they can power radio frequency identification (RFID) 
115 
 
tags which generally require 1-100 µW [31].  Furthermore, the high frequency response 
of the rGO-CNT micro-supercapacitors makes them an ideal device to be coupled with 
other devices such as energy harvesters and micro-batteries to provide peak power. With 
further optimization of the electrode compositions and structural design of micro-
supercapacitors, they can potentially meet the necessary requirements to replace low 
energy and large electrolytic capacitors in ac line-filtering applications in portable 
electronics [11]. The reported fabrication method of micro-patterned rGO films can also 
be utilized for the development of other graphene based functional devices.  
6.4 Conclusions 
We have demonstrated the development of micro-supercapacitors based on rGO 
and rGO-CNT patterned microelectrodes with superior electrochemical properties 
through the combination of photolithography lift-off and ESD deposition. The fabrication 
process involved the ESD deposition of electrode materials on masked interdigital current 
collectors. The GO sheets in the precursor solution were readily reduced to rGO during 
the low temperature deposition, eliminating the need for further thermal or chemical 
reduction of GO. In the case of the rGO micro-supercapacitors, the diffusion of 
electrolyte ions between the rGO sheets resulted in electro-activation of the 
microelectrodes that increased the average CV current by more than 7 times during the 
first 200 cycles. We further demonstrated that the addition of CNTs as nano spacers 
between rGO sheets could minimize their restacking. The electrochemical performance 
tests indicated that while rGO microdevices had reasonable specific capacitance and 
power handling ability, the rGO-CNT micro-supercapacitor exhibited exceptional 
performance. The best results were achieved when a composition of 90% GO and 10% 
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CNT was used in the deposition solution. The stack capacitance of rGO-CNT-9-1 micro-
supercapacitors was about 5.0 Fcm-3 at a 1 Vs-1 CV scan rate, which dropped only by 
40% at a very high scan rate of 50 Vs-1. The excellent power response of these micro-
supercapacitors was revealed by EIS experiments when an RC time constant of only 4.8 
ms was measured at a -45° phase angle, which is lower than any other reported micro-
supercapacitors. Increasing the amount of CNTs to 20% slightly improved the power 
response and rate handling ability of the micro-supercapacitors, but had a negative impact 
on the specific capacitance. The developed micro-supercapacitors promise high energy 
micron-scale energy storage units that are able to provide enough energy and satisfy the 
peak power required for a number of applications. They can also potentially replace low 
energy electrolytic capacitors in miniaturized electronic devices. We anticipate that 
further improvement in the performance of micro-supercapacitors can be achieved 
through the optimization of ESD conditions, microelectrode design, and the composition 
of the electrode materials. 
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7. SUMMARY AND FUTURE WORK 
7.1 Summary 
This dissertation presents design, fabrication, and evaluation of novel on-chip 
micro-supercapacitors. The C-MEMS technique was used to fabricate 3D carbon micro-
electrodes arrays. It was demonstrated that these carbon structure can be directly used for 
micro-supercapacitors application. The as-fabricated electrodes showed relatively low 
specific capacitance and energy density. However, After activation of the electrode by a 
an electrochemical activation technique the specific capacitance was increases up to three 
order of magnitude compare to the as-fabricated electrodes. This technique was used to 
fabricate full micro-supercapacitor cells which showed specific geometric capacitance of 
~75 mFcm-2 was achieved after electrochemical activation for 30 min. For this activation 
duration the volumetric capacitance was ~48 Fcm-3. These results indicate that the C-
MEMS technique is a very promising method for the fabrication of electrochemical 
micro-capacitors 
 In another part of this dissertation, we examined application of 3D C-MEMS 
structure as high effective surface area current collector for other capacitive materials. It 
was observed that the electrochemical properties of C-MEMS micro-supercapacitors can 
be improved by deposition a conformal film of Ppy on the 3D electrodes. CV and 
galvanostatic charge/discharge methods were used to evaluate the performance of single 
micro electrodes and symmetric micro-supercapacitors. Single electrodes with a PPy 
polymerization time of 15 min can deliver footprint normalized specific capacitance of 
about 162.07 mFcm-2 and specific power of about 1.62 mWcm-2 at a 20 mVs-1 scan rate. 
The symmetric micro-supercapacitor delivered specific capacitance of about 78.35 
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mFcm-2 at 20 mVs-1 scan rate. The increased performance of micro-supercapacitors has 
enabled them to compete with micro-batteries in a number of applications. 
 In another approach to develop high power density micro-supercapacitors, we 
examined application of graphene and its composites with CNT as electrodes for micro-
supercapacitors. The initial studies were performed on thin films of graphene fabricated 
through  ESD technique. The electrodes show excellent high rate handling ability as it 
was shown by various electrochemical testing techniques. Electrodes with 1 µm thickness 
showed a much better rate handling ability compared to electrodes with 6 µm thickness, 
highlighting the effect of electrode thickness on the power performance of 
supercapacitors. At the low discharge rate of 1 Ag-1 the specific capacitance of the GNP 
films with 1 and 6 µm thicknesses are about 55 and 53 Fg-1, respectively.  EIS 
experiments indicate excellent frequency response of the electrodes and the low RC time 
constants of 36 and 59 ms was recorded for electrodes with 1 and 6 µm thickness, 
respectively. Additionally, the demonstrated fabrication process (ESD) is a low-cost 
technique that could potentially be employed to fabricate thin film electrodes of various 
kinds of graphene and its composites. 
To improve electrochemical properties of graphene based electrodes, micro-
supercapacitors based single layer rGO and it composites with CNT. The study started 
with investigation of ESD deposition of GO. We demonstrated that GO sheets in the 
precursor solution were readily reduced to rGO during the low temperature deposition, 
eliminating the need for further thermal or chemical reduction of GO. Furthermore, a 
novel technique by combining photolithography lift-off and ESD deposition was used to 
fabricated micro-patterned electrodes of GO. For this rGO micro-supercapacitors, the 
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diffusion of electrolyte ions between the rGO sheets resulted in electro-activation of the 
microelectrodes that increased the average CV current by more than 7 times during the 
first 200 cycles. We further demonstrated that the addition of CNTs as nano spacers 
between rGO sheets could minimize their restacking. The electrochemical performance 
tests indicated that while rGO microdevices had reasonable specific capacitance and 
power handling ability, the rGO-CNT micro-supercapacitor exhibited exceptional 
performance. The best results were achieved when a composition of 90% GO and 10% 
CNT was used in the deposition solution. The stack capacitance of rGO-CNT-9-1 micro-
supercapacitors was about 5.0 Fcm-3 at a 1 Vs-1 CV scan rate, which dropped only by 
40% at a very high scan rate of 50 Vs-1. The excellent power response of these micro-
supercapacitors was revealed by EIS experiments when an RC time constant of only 4.8 
ms was measured at a -45° phase angle, which is lower than any other reported micro-
supercapacitors. Increasing the amount of CNTs to 20% slightly improved the power 
response and rate handling ability of the micro-supercapacitors, but had a negative impact 
on the specific capacitance. The developed micro-supercapacitors promise high energy 
micron-scale energy storage units that are able to provide enough energy and satisfy the 
peak power required for a number of applications. They can also potentially replace low 
energy electrolytic capacitors in miniaturized electronic devices. It is anticipated that 
further improvement in the performance of micro-supercapacitors can be achieved 
through the optimization of ESD conditions, microelectrode design, and the composition 
of the electrode materials. 
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7.2 Future Work 
This dissertation has introduced various ideas to fabricate micro-supercapacitors 
with improved electrochemical performance. The proposed strategies suggest new 
possibilities for development of micro-supercapacitor and their future applications.  
In case of micro-supercapacitors based on C-MEMS structure, the proposed 
activation method still needs to be optimized to achieve improved performance. The 
study of porous structure of electrochemically activated sample would result in a better 
understanding of activation mechanism. In the present dissertation, the application of C-
MEMS structures as current collectors for other electro-active materials was demonstrate 
by using Ppy as the capacitive material. This type of micro-supercapacitor can be still 
explored by using other high energy conduction polymer electrodes such as Polyaniline 
(PANI) or metal oxide electrodes such as Manganese Oxide (MnO2) or composites of 
these materials with carbon nanomaterials such as CNT and graphene.  
One of the major achievements of this dissertation is the development of micro-
supercapacitors based on patterned rGO. The performance of these type of micro-devices 
can be improved by optimizing the deposition and reduction processes. The future 
research should also be focused on integrating graphene and graphene/CNT electrodes on 
3D structures to achieve higher energy densities for these micro-supercapacitors. 
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